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Abstract
Biological fouling of artificial surfaces occurs through the adhesion and colonisation by
microbial and macrofouling organisms. These processes are an enormous problem for many
diverse industries, including potable water treatment and transport [1], biomedical devices [2]
[3] and hospital surfaces [4, 5], food production [6] and maritime shipping [7] [8], resulting in
substantial social and economic impacts. Existing antifouling technologies have relied on the
incorporation of biocidal compounds, including heavy metals, to kill target fouling organisms.
However, due to the potential impact of biocide-based coating technologies on the natural
environment [9, 10], and the development of biocide resistant species, environmentally benign
coatings are of great interest [11]. Among these coatings, antifouling coatings, which prevent
biofouling by reducing the adhesion of microbes, has been studied and applied in different
fields. In particular, hydrophilic coatings that enable surface hydration have demonstrated
excellent antifouling performance, including hydrogen-bonding-rich and zwitterionic materials
[12]. Extensive studies have been undertaken to elucidate the surface hydration underlying the
antifouling materials, including hydration structure and forces, and effects of surface
chemistries and different ions. Our recent discovery shows that a coating fabricated from silica
nanoparticles

(SiNP)

functionalized

with

the

hydrophilic

epoxy

silane,

Glycidoxypropyltrimethoxysilane (GPS), has excellent antifouling performance when
challenged by protein, bacteria, and fungal spore. This thesis sought to elucidate the underlying
mechanisms behind the antifouling properties presented by GPS functionalized SiNP coatings.
Chapter 1 introduces the concepts and implications of biofouling, the different
microorganisms and their biological interactions involved in biofouling processes, followed by
detailing the main strategies, including hydrophilic chemistries and coatings, used to prevent
4

biofouling. The chapter then focuses on the role of surface hydration of the hydrophilic
antifouling coatings and the fundamentals of surface hydration. Specifically those studies
employing Atomic Force Microscopy were discussed, which for decades has been used to
measure hydration interfacial structures and forces, and is similarly the principal technique for
probing surface hydration in this thesis.
Chapter 2 provides general characterizations of SiNPs and their coatings. Firstly,
unmodified SiNP, low-density and high-density GPS modified SiNPs (Low-GPS-SiNP and
High-GPS-SiNP) are characterized for their zeta potentials as a function of salt concentration
and pH. Secondly, fabricated coatings are characterized using goniometry, Scanning Electron
Microscope (SEM) and Atomic Force Microscopy (AFM). Importantly, the interfacial forces
of the coatings are investigated using Atomic Force Microscopy (AFM) static force
measurements as a function of NaCl concentration and pH, to probe the interaction between a
nanoscale tip and SiNPs coatings.
Chapter 3 reveals the molecular interfacial structures close to (< 2 nm) surfaces,
including Unmodified, and both Low- and High-GPS-SiNPs in liquid. This work consists of
two parts, which are experimental work using 3D Frequency Modulation Atomic Force
Microscopy (3D FM-AFM), and theoretical modelling by Molecular Dynamic Simulation (MD
Simulation). 3D FM-AFM was performed to obtain frequency shift curves across the surface
of single SiNPs, enabling the 3D re-construction of the interfacial layer structures, including
water layers, which was conducted by Dan Yang. The MD Simulation by Dr. Matthew Penna
is also included in this thesis, due to its necessary and critical support to experimental work
and conclusions of the study.
Chapter 4 studies the interactions in liquid between four silica-based surfaces (glass,
Unmodified, Low- and High-GPS-SiNPs surfaces) with spores of a common fungal species,
5

Epicoccum Nigrum, using Single Cell Force Spectroscopy (SCFS). The interaction force
profiles are investigated and quantitative data at a single cell level is obtained, which provides
insights on the mechanism by which the antifouling properties prevent the adhesion of the
fungal spores.
Chapter 5 summarises the key findings from the experimental chapters, and proposes
directions of future studies on the design of antifouling coatings.
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Chapter 1: Introduction
1.1 Biofouling
Biofouling refers to the undesirable accumulation of organisms, such as bacteria, fungi, yeasts
and marine organisms on surfaces. The biofouling process typically involves the adhesion of
microbes to a surface and for most microorganisms, such as bacteria, the biofouling process
involves the development of a biofilm, which is generally understood to follow several stages
(Figure 1. 1) [13].
At the first stage, upon exposure to the medium, a conditioning film will immediately
form on the surface due to the adsorption of macromolecules from the medium (e.g. proteins,
glycoproteins, phosphoproteins, polysaccharides, lipids, and nucleic acids [14]). The
conditioning film alters physical and chemical surface properties, facilitating the initial
reversible attachment of planktonic bacterial cells (freely suspended) [15]. At the second stage,
the bacterial cells aggregate and attach firmly to the surface. This process is usually irreversible
and involves the engagement of various cell structures, as well as the secretion of polymeric
adhesive material from the cells, termed extracellular polymeric substances (EPS). At the third
stage, the bacterial cells secrete copious amounts of EPS material, encapsulating the largely
two dimensional colony growing on the substrate surface. The aggregated cells and EPS
together form the biofilm, which enables the accumulation of nutrition, the interaction of cells
with each other and the surface, and changes in the local physiochemical environment [16].
EPS comprises 50% ~ 90% of a biofilm’s total organic matter, mostly high molecular weight
polymers [17] containing polysaccharides, proteins and sometimes other macro-molecules
such as DNA, lipids and humic substances [15, 18, 19]. At the fourth stage, the biofilm grows
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away from the surface, forming a highly hydrated and porous three-dimensional colony. At the
fifth stage, pieces of the biofilm or individual cells may be released, resulting in the dispersal
of the biofilm to surrounding areas, where they may attach to a virgin surface and commence
the colonisation process anew. Biofouling can occur in different environments and has
considerable adverse effects for diverse applications, particularly in marine industries [20],
biomedical devices [2] [3], building materials [21], water purification systems [1], textiles [22]
and food packing [6].

Figure 1. 1. Sequential stages in biofilm formation [13].

1.1.1 Biofouling in Marine Industry
In the marine environment, there have been more than 4000 marine species identified to be
responsible for biofouling [20]. The marine biofouling species can be classified into two main
categories; 1) micro-organisms such as bacteria, diatoms and fungi, and 2) macro-organisms
such as barnacles, mussels, tubeworms, bryozoans and algae [23-25]. Immediately upon the
immersion of a surface in the marine environment, the rapid adsorption of a conditioning layer
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composed of humic acids, nucleic acids, proteins, lipids, polysaccharides and aromatic acids
takes place. During the initial hours in the ocean, planktonic microorganisms (i.e. bacteria,
diatoms) will arrive and adhere to the substrate surface. Over the following days and weeks,
the micro-organisms residing on the surface will divide and form microbial biofilms, forming
a thick ‘slime layer’ consisting of cells and EPS [26-28]. Over the following months, this will
lead to the eventual arrival, adhesion and growth of animal and plant macrofouling organisms.
The biofouling related to the organism’s adhesion and colonization on artificial surfaces in
marine industries can lead to serious problems and economic losses [29-31].
Using ships as an example, adverse effects of biofouling include the accumulation of
organisms on a submerged surface that can change the surface roughness, leading to a high
frictional resistance, and therefore higher fuel consumption and greenhouse gas emissions. For
example, a slime film only a few millimetres in thickness can lead to an approximate 20%
increase in power consumption, while a heavy calcareous fouling can cause an operating
(power) penalty of more than 85% [32]. Furthermore, in order to remove the attached
organisms, extra costs are incurred from the dry-docking operation, including labour,
machinery operation and loss of time [33]. Moreover, the deterioration of surface coatings can
lead to corrosion and discoloration, and inhibition of material electrical conductivity [34]. The
introduction of invasive, non-native species to the marine environment through transportation
via biofouling can also have significant ecological and evolutionary impacts [32].

1.1.2 Biofouling of Medical Devices
Medical devices, especially those that are implantable such as dental implants and vascular
catheters, can be colonized by the microbial species, which causes severe consequences. In the
U.S., medical device related infections account for over 45% of all hospital-acquired infections
(>2 million/year) [35] and approximately 65% of bacterial-related human infections are
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attributed to biofilm formation on device surfaces [36]. Biological – material interactions
driven by non-specific protein and cellular interactions can lead to foreign body responses,
dramatically affecting device efficacy and function [37-39]. Consequently, the clinical lifetime
of these devices can be limited, and device-related infections can become problematic for
poorly designed devices.
The implanted device might have a conditioning film formed on its surface immediately,
which consists of lipids and glycoproteins. Depending on the conditioning film composition,
the likelihood of thrombus formation (i.e. in blood) and/or the growth of infectious bacteria on
contaminated devices can differ. In particular for blood contact devices, the formation of
thrombus often results from the aggregation of proteins and cells such as platelets, leukocytes,
and red blood cells on the device surface [40]. For indwelling medical devices, such as contact
lenses, central venous catheters, mechanical heart valves and urinary catheters, bacterial
biofilms on contaminated devices can be composed of gram-positive or gram-negative bacteria,
and yeasts [41].
Within the biofilm, microorganisms are often multispecies and physiologically
different from the planktonic cells. The embedded microorganisms in biofilm show high
resistance to antimicrobial treatments and low susceptibility to the hosts’ immune system,
therefore posing a serious public health problem [41]. Known as biofilm dispersal, the
dissemination of biofilm within the host enables the colonization of new sites, leading to a
severe threat to the host [42]. Moreover, the detached cells and the endotoxin produced by
cells may induce disease and develop antibiotic-resistant organisms [43, 44].
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1.1.3 Terrestrial Fouling
In terrestrial environments, biocorrosion occurs through electrochemical reactions driven or
influenced by microorganisms [45], often in the form of biofilm, and has led to the deterioration
of a broad range of building materials, including stone, wood, cement and steel [46-48].
Consequently, this alters the aesthetic appearance of the building materials and can lead to
overall damage to building structures [49]. For example, the formation of fungal biofilms on
terrestrial structures, such as facade and roofing materials, can significantly reduce the heat
reflectivity and increase the energy required to cool the internal structure of the building [21].
Furthermore, the presence and build-up of microorganism colonies may also introduce a
number of health issues, including inflammation, allergies, respiratory symptoms and
associated diseases [50-53].
Specifically for metal materials, the consumption of hydrogen and secretion of enzymes
and acidic metabolites by microbes can stimulate corrosion, leading to the release of either
electrons or ions from the surface [54]. The presence of multispecies of microbes in biofilm
can attribute to a more severe corrosion than only single species biofilms [45, 55]. In contrast,
biofilms on concrete, stone and marble surfaces can directly cause physical and chemical
damage to buildings and art works [56], which are seen as coloured slimy layers or dry crust
[57]. In particular, many different microorganisms are involved in stone corrosion such as
phototrophs (e.g. algae and cyanobacteria) with the presence of light [58], fungi that can bore
into stones causing physical and chemical damage [57], and bacteria that produce acid that can
dissolve stone [59].
It is clear that biofouling is an enormous problem that has major impacts for a diverse
range of industries. In order to develop surfaces that can eliminate biofouling, an understanding
of microbial biology, including cellular appendages and associated secreted adhesives
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employed during the adhesion and colonisation process, is critical. Hereafter, an overview is
provided, including the fundamental biomolecular – material interactions associated with
surface conditioning layers and microbial adhesion, and the fundamental processes involved in
bacterial and fungal adhesion to materials and surfaces.
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1.2 Microbial Adhesion to Surfaces
1.2.1 Bacterial – Substrate Interactions
Bacteria possess specialised extracellular organelles, such as flagella and pili (Figure 1.2a),
that assist their movement and adhesion mechanisms. The flagella are used by the bacteria for
locomotion, allowing them to ‘swim’ in fluids using a hydrodynamic force generated via the
flagellum whipping motion, providing an opportunity for cells to move in response to various
environmental stimuli [60-62]. Most bacteria possess a negative surface charge and
preferentially interact with positively charged substrates through electrostatic interactions
(Figure 1. 2b) [63]. Thermodynamics also play a role, which determine whether hydrophilic
or hydrophobic surfaces are more preferential for bacterial cells to attach, depending on the
surface energy difference between the bacteria and the solution [64]. Initial reversible
attachment is mainly affected by hydrodynamic, DLVO (i.e. van der Waals, electrostatic and
steric forces), and thermodynamic interactions (e.g. hydrophobic interaction), which occur
rapidly (on the order of ~ seconds to minutes) (Figure 1. 1) [65-68]. At this initial stage, the
adhesion between the bacterial cell and the surface is due to physicochemical effects (and not
biological effects), including the loss of interfacial water, the structural changes of surface
molecules, and the reorientation of the cell body [69]. Moreover, the fluid properties, such as
ionic strength, pH, temperature and velocity can also play a role in the initial attachment [67,
70].
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Figure 1. 2. a. Schematic diagram of bacterial cell structure [71]. b. The initial adhesion of bacteria to substrate is
driven by hydrodynamic forces, and is affected by electrostatic interactions. Hydrophobic interactions influence
bacterial interaction and attachment. The binding events induced by specific interactions will initiate the genetic
regulation and expression, and the secretion of EPS as well as the produce of biofilm. Steric forces can also
influence the initial attachment of bacterial cells [72].

On a time scale of several hours, the second stage of adhesion becomes irreversible
(Figure 1. 1). Specific proteins terminated on the extracellular organelles, termed adhesins,
enable the specific attachment to surfaces through specific interactions [67] and the secreted
EPS’s also adhere bacterial cells to a substrate [73].
Later at stage three and four (Figure 1. 1), gene expression occurs differently between
planktonic and sessile bacterial cells. For example, sessile bacteria inhibit the production of
surface organelles, particularly those engaged in motility, as these structures do not serve
bacteria engaged in the biofilm stage of the lifecycle. On the other hand, genes involved in the
production of surface proteins and secretion of extracellular materials are upregulated,
providing an enhancement of cell – cell and cell – surface adhesion, as well as greater
encapsulation in a protective macromolecular polymer coating [70]. Quorum sensing (QS) is
the bacterial communication by which bacteria monitor their populations and coordinate
community behaviours such as biofilm formation and dispersal [74], and small molecules
called autoinducers (AIs) are produced during the QS process to mediate bacterial cell - cell
communication [75]. Once the concentration of AIs reaches to a threshold from the
accumulation of cells in the biofilm, cell gene expression alters. At stage 5 (Figure 1. 1),
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enzymes are produced to breakdown the polysaccharides holding the biofilm, leading to the
release of surface bacteria which allows the colonisation of new areas [70].

1.2.2 Fungal Spore Adhesion
Fungal spores are generated from mother fungi when they are subjected to unfavourable
conditions (Figure 1.3). They have a hard cell wall, can survive under harsh environments,
including extreme temperatures, lack of moisture and nutrition [76-78], and be transferred in
either air or liquid. Depending on the species, and culture and storage conditions, the properties
of fungal spores can be varied, including the size and morphology, as well as surface
composition. Generally covered by various biomolecules [77-84], such as carbohydrates and
proteins, fungal spores can exhibit different surface charge under aqueous solutions [85] and
have different interaction forces with surfaces. These forces might contain van der Waals,
electrostatic and hydrophobic interactions, hydrogen bonding and the specific interactions
induced by the surface molecules [86].

a.

Fungal
Spore

i. Spore surface decorated
with extracellular adhesives
(hydrophobins) to facilitate
adhesion to surfaces

Spore transported via
wind/rain from primary
fungus

c.

b.
ii. Primary adhesion to surface
via extracellular adhesives
within seconds. Adhesion and
nutrient uptake can facilitate
germination of spore

Fungal
Spore

Fungal
Spore

iii. Hyphal growth and greater
anchorage to the surface

Figure 1. 3. Schematic illustration of the general process of fungi colonization on a surface, which includes 1.
The transfer of “seed”-fungal spore; 2. The fungal spore adhere to a surface; 3. With the favourable
environmental conditions, the spore can germinate and grow hyphae, which facilitates greater adhesion to the
surface. (Figure not drawn to scale)

Once conditions are favourable, fungal spores will start germination and grow hyphae.
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The fungal cell wall has a thickness of around 100 nm in total, which is thicker than that
demonstrated for bacteria [87, 88]. The outermost layer of the fungal cell wall is formed with
mannoproteins and the inner surface is composed of polysaccharides (mainly glucans β-1,3
also β-1,6), which together create a latticework structure [89]. Although with a low content,
chitin in the cell wall still plays an essential role for the insolubility of the wall and is involved
in several stages during the cell cycle [90, 91], which also makes fungi different from the other
microbes. It is important to note that because of the abundance of fungal species,
generalisations are difficult, with the composition of the cell walls differing significantly
amongst different fungal genera and species.
Many fungi will grow hyphae during the germination, containing at least one cell
protected by a tubular cell wall (mainly chitin) [92]. The hyphae can enhance nutrition uptake
by breaking down substances using enzymes and also increase the adhesion by anchoring itself
to the substrate [93].
Hydrophobin is a protein that is present on fungal spores and hyphae and enables their
attachment to hydrophobic surfaces [94, 95]. Hydrophobins can reverse the wettability of
surfaces by self-assembly into a monolayer on hydrophobic: hydrophilic interfaces [96, 97]
and is one of the most important biomolecules involved in the interactions between the fungal
cell and substrate surfaces.

1.2.3 Protein Adsorption on Surfaces
As described in Figure 1. 1, the initial attachment of microbes to a surface is inevitably
preceded by the adsorption of a conditioning film, which is mostly composed of various
macromolecules such as proteins, glycoproteins and phosphoproteins from the natural
environment and through the secretion by bacteria [98, 99]. The presence of this conditioning
film is generally understood to assist, but is not essential for, the adhesion of pioneering
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microbial organisms. The development of this conditioning film can in some cases generate a
barrier that may diminish the efficacy of surfaces carefully engineered to present bactericidal
properties when directly contacting bacterial cells [100, 101]. Furthermore, the accumulation
of dead bacteria on such surfaces can present a barrier layer for bacteria that arrive thereafter,
limiting the potential lifetime of such strategies. Besides adhering to surfaces and creating
conditioning film, proteins have also been shown to be important in mediating microbial
adhesion to surfaces due to their presence on the microbial cell wall. For example, the
hydrophobins on fungal surfaces can facilitate their interactions with hydrophobic surfaces.
Therefore, a surface that can prevent conditioning films and protein adhesion will help
to prevent the subsequent attachment of microbes. Proteins are complex macromolecules
formed from amino acids. Depending on the propensity of side chains interacting with solvent,
protein surfaces may be polar/non-polar, hydrophobic/hydrophilic or negatively/positively
charged [102, 103]. Modelling shows that for protein-substrate interactions, the properties of a
substrate play a role in protein binding, including the topography and the ionization, hydration
and polarization states [104]. For example, surfaces with hydration shells were found to reduce
protein binding [105], while increasing surface roughness of tantalum can lead to a reduction
in fibrinogen binding activity by up to 70% [106].
It is critical to understand the biology of microbial organisms and the mechanisms they
employ during initial adhesion and colonisation of surfaces, in order to guide the antifouling
material design strategies. As a protective coating on engineered surfaces, antifouling coatings
can be designed to 1) reduce protein adsorption and microbial adhesion; 2) kill the attached
microbial cells; and 3) inhibit or breakdown the microbial biofilms. The following section
provides an overview of the technologies and systems that have been developed to combat
biofouling, including antimicrobial, contact killing and antifouling surfaces.
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1.3 Antimicrobial Surfaces
By killing the microbes attached to a surface, antimicrobial coatings can prevent the adhesion
of microbes and reduce biofouling. These coatings are classified into two categories, which are
1) release-based and 2) contact-killing systems. The release-based system includes coatings
that release antimicrobial compounds to the surface and environment. The contact-killing
systems are composed of coatings that kill microbes upon contact.

1.3.1 Release-based Coatings
The biocides used for release-based systems are predominately metal ions or nanoparticles, and
antimicrobial compounds such as antibiotics, antimicrobial peptides and enzymes, and cationic
and non-cationic compounds that present antimicrobial properties.

1.3.1.1 Release of Metal Ions
There is a long history of metals serving as antimicrobial agents. For instance, dating back
thousands of years ago to the time of the Persian Kings who used Copper (Cu) and Silver (Ag)
in food vessels to disinfect and preserve food [107]. Later uses in medicine, Ag and its
compounds were used to prevent infections such as those in surgical wounds [108]. Over the
past two centuries, Tellurium (Te), Magnesium (Mg) and Arsenic (As) oxides, and Cu and
Mercury (Hg) salts were adopted to treat diseases, including leprosy and tuberculosis [109112].
In recent decades, coatings made from metals and their compounds have been broadly
used for antibacterial purposes, especially for medical implants [113, 114]. Ag is one of the
most common antimicrobial agents due to its low toxicity to human cells [115, 116], its long
lasting biocidal properties with low volatility and high thermal stability [116], as well as its
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broad antimicrobial properties against Gram-positive and Gram-negative bacteria, protozoa,
fungi and certain viruses [117]. Pure metallic silver does not kill microorganisms or react with
human tissue. However, in its oxidized form (Ag+) it is shown to have antimicrobial properties,
with an effective concentration ranging from 10 nM to 10 µM [118]. The released Ag+ are from
various resources, including chelated Ag, Ag oxide, Ag salts, metallic Ag, Ag alloy or Ag
nanoparticles [119].
The proposed mechanisms by which Ag+ acts as an antimicrobial include (Figure 1. 4):
(1) Ag+ interaction with sulfhydryl groups on the bacterial cell envelope, blocking the
respiration and electron transfer, and leading to the de-energizing of the membrane and
ultimately cell death [120-122]. (2) Inside the cell, the interaction between Ag+ and molecules,
such as nucleic acids and enzymes, especially the interactions with the thiol group of cysteine
residues leads to cell dysfunction [120, 121, 123]. (3) The presence of Ag+ may promote
reactive oxygen species (ROS) production and lead to cell death [121, 124]. ROS are toxic
oxidants produced during the organisms aerobic respiration, which can damage proteins, DNA,
RNA and lipids [125].

Figure 1. 4. Schematic diagram of the antimicrobial effects of Ag+. Reproduced from [126].
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One of the methods to produce Ag-based antimicrobial coatings is by directly depositing
metallic Ag onto a substrate via varied techniques including vapour phase coating, sputter
coating, ion beam coating or plasma mediated deposition [127-130]. However, the adhesion
between Ag and substrate, the uniformity of coating and the long term antimicrobial activity
can be limited [129, 131]. Through electrochemical deposition methods, such as electroless
plating, solution-based Ag can also be used to produce antimicrobial properties [129].
The other approach is to incorporate colloidal Ag or Ag powder into molten polymers,
which has been broadly used to produce antimicrobial coatings [132] [133]. For example, Ag
powders with different specific surface areas (SSA, 0.78, 1.16, 2.5 and 6.4 m2/g) were mixed
into the molten polymer-polyamide at different concentrations (2, 4 and 8 wt%). The composite
films were then tested against Escherichia coli and Staphylococcus aureus, with results
showing that all the composites were actively against the pathogens. The composite with 8 wt%
Ag powder that has SSA of 0.78 m2/g showed the best performance, which was related to its
highest Ag+ releasing rate [133].
Ag+ can also be loaded into fillers, such as hydroxyapatite (HA) [134-137] and zeolite
[138-140], by co-sputtering of silver or ion exchange method (sol–gel or co-precipitation) and
then incorporated into the polymeric materials to produce the surface. Some of the surfaces
impregnated with Ag+ can consist of silver-sulfadiazine [141, 142], which have been proven to
be more efficient than only having Ag+ present, as protein anions might deactivate Ag+ at the
surface [143, 144].
Similarly, other metal ions, such as Au+, Cu+, Cu2+, Zn2+ and Hg2+ have been shown to
inhibit microbe cell growth. As depicted in Figure 1. 5, five main mechanisms are suggested
to contribute to the antimicrobial properties of metal ions [145]. Figure 1. 5.a shows the
different protein dysfunction mechanisms of metal ions. For example, Zn2+, Mn2+ or Co2+ can
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oxidize the cysteine in Fe-binding sites by Fenton reaction (equation 1 and 2) [146], leading to
site-specific damage of cellar proteins [146]. Other mechanisms such as destruction of Fe-S
clusters [147-151], exchange of catalytic metal [152-154], or structural metals [148, 155, 156]
can all result in protein dysfunction. Similar to Ag+, other metal ions, especially Fe2+ and Cu2+,
have been proven to increase the intracellular ROS [157, 158] (Figure 1. 5.b). Some metal ions
can adsorb to the electronegative sites on bacterial membranes and disrupt the membrane
function [121, 159, 160] (Figure 1. 5.c). Other mechanisms like the interference with nutrient
assimilation [161, 162] and genotoxicity [163, 164] can also lead to cell death (Figure 1. 5.d
and 1.5.e).
𝐹𝐹𝐹𝐹 2+ + 𝐻𝐻2 𝑂𝑂2 → 𝐹𝐹𝐹𝐹 3+ + 𝑂𝑂𝑂𝑂 − + 𝑂𝑂𝑂𝑂 ∙
𝐹𝐹𝐹𝐹 3+ + 𝑂𝑂2 ∙− → 𝐹𝐹𝐹𝐹 2+ + 𝑂𝑂2

Fenton reaction

(1)
(2)
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Figure 1. 5. Schematic diagram of the antimicrobial effects of metal ions [145].

Although metal ions are broadly used in surface coatings for antimicrobial purposes, there are
some difficulties when it comes to their final application. Continuous release of Ag+ from the
surface can be difficult to control which is related to many factors, such as the type of matrix,
environmental conditions and immersion time, which varies for different applications. The
depletion of metal ions inevitably leads to a decrease of antimicrobial properties. Some metal
ions, such as Ag+, have a high affinity to proteins, leading to the formation of a conditioning
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film and therefore inactivation of the coating surface [165]. Specifically for metallic Ag and
Ag+ within medical device coatings, clinical trials revealed failures due to a lack of coating
durability and the inactivation of metallic Ag in contact with blood [166]. Lastly, some
bacterial strains have shown resistance to metal ions [167, 168].

1.3.1.2 Metal-Based Nanoparticles
With the development of nanotechnology, many interesting properties of nanoparticles (NPs),
such as the size and high surface area, have drawn scientists’ interest.

Metal-based

nanoparticles (i.e. nanoforms and nanocomposites) therefore, have also been developed and
tested for their antimicrobial performances [169-171].
Many metal NPs and their oxides have been investigated for their antimicrobial
performance, including Cu, Zn, Ti, Mg, Au, Fe and Ag [169-171]. For some metals, such as
Zn, Ag and Cu, antimicrobial properties can be presented in both their bulk form and
nanoparticle form, but for some other materials, such as iron oxide, antimicrobial properties
are only exhibited in NP form [172]. In general, metal-based NPs exhibit more efficient
antimicrobial properties than their salts, which might relate to their higher surface area and
better interactions with microbes [166]. Their toxicities are relevant to their size, shape,
synthesis method and environmental conditions where they are used. As a coating, metal NPs
can be easily incorporated into materials such as composites [173-175], or deposited onto
surfaces such as polymer [22, 176], metal [177], ceramic [178, 179] and paper [180], by
electrodeposition [177], sonochemical irradiation [22, 178, 179, 181], sputter coating [176] and
plasma-enhanced deposition [180] techniques. In addition, compared to metal compounds,
impregnated NPs show slower dissolution rates, enabling the continuous release of ions [182184]. Furthermore, for some specific applications where the release of NPs is allowed, the
released NPs can enter the bacterial cell and lead to cell death by attacking the respiratory chain
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and affecting cell division [185-188].
The antimicrobial mechanisms of metal-based NPs are not yet fully understood by
researchers, and the antimicrobial activity can vary between different metals and forms, types
of bacterial strains and environmental conditions where the NPs are used. Taking AgNPs as an
example, many studies suggest that their toxicity is similar as Ag+ due to their transformation
to Ag+ [186, 187, 189, 190]. However, other studies have discussed that compared to Ag+, the
negatively charged AgNPs can interact more effectively with most positively charged bacterial
cell envelops [186] and induce higher concentrations of ROS inside the bacterial cells. The
latter might relate to the additional ROS generation of AgNPs due to their large surface area
and highly reactive catalytic sites, potential photoactivity [191] and the oxidation of AgNPs
[192, 193].
Some metal-oxide nanoparticles, such as TiO2, CuO and ZnO, show antimicrobial
activity mainly via the production of photo-generated ROS in the presence of ultraviolet (UV)
or visible radiation [194]. With the energy from light irradiation, the electrons are promoted
from the valence band to the conduction band, followed by the production of superoxide anions
(O2-˙) and hydroxyl radicals (˙OH) through electrons reacting with oxygen and water,
respectively [195].
In summary, with a long history of use as antimicrobial agents, metal-based materials
have been used in the fabrication of coatings to prevent microbial adhesion. However, the metal
ion depletion and the difficulty of fabrication might affect the antimicrobial performance of
coatings. Metal-based nanoparticles are promising when used to produce antimicrobial
coatings, due to their high biocidal efficacy, ease of fabrication and application. The
antimicrobial mechanisms and toxicities to human cells are not yet fully understood, which
raises concerns for their broad use. Therefore, alternative coatings with other antimicrobial
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compounds have been developed and are introduced in the next section.

1.3.1.3 Release of Antimicrobial Compounds
Antimicrobial compounds have been incorporated into coating systems that are designed to
slowly release to inhibit the growth of bacterial cells or biofilms. The antimicrobial compounds
include antibiotics, antimicrobial peptides and enzymes, and cationic and non-cationic
compounds that exhibit antimicrobial properties. Various materials can be employed as the
coating matrix, including polyglycolic acid (PGA), hydroxyapatite (HA), poly(methacrylic
acid) (PMMA) and polyacrylic acid (PAA).

Antibiotics
Antibiotics loaded into a polymer matrix and used to locally deliver drugs are amongst the first
generation of antimicrobial compound release-based coatings [196]. These coatings have been
broadly used as coatings for medical implants to treat local infections [196]. The mechanism
of action varies between different antibiotic types. As shown in Table 1, Tobramycin can bind
to the 30-S subunit of the bacterial ribosome, resulting in the misreading of the genetic code or
the inhibition of protein biosynthesis [197]. Both ciproflaxin and ofloxacin are known as
quinolones, which can block bacterial DNA replication and transcription [198]. Most
antibiotics show a broad range antimicrobial activity against both Gram-positive and Gramnegative bacteria, however, the development of antibiotic resistant bacterial strains have
become a major concern [199, 200].

Antimicrobial Peptides
Antimicrobial peptides (AMPs), also known as host defence peptides, are part of the host
immune system produced in many eukaryotic organisms [201, 202]. The possibility of bacteria
to develop a resistance to AMPs is very low, as AMPs have persisted as a mechanism of
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antimicrobial defence for over a million years [203-205]. Their antimicrobial mechanisms vary
for different species, including: 1) The AMPs insert into the lipid membrane and form
transmembrane pores that lead to an increase in membrane permeability, as shown by three
different models in Figure 1. 6. 2) The AMPs can induce damage to the cell by interacting with
other intracellular targets such as DNA, RNA and protein, as denoted in Figure 1. 7 [206].

Figure 1. 6. The three killing models of antimicrobial peptides. The hydrophobic side of peptides shown in blue,
and the hydrophilic side shown in red. (a) The Barrel-stave Model. In this model, the peptides aggregate and
arrange by interacting with membrane bilayers with their hydrophobic side and allow the hydrophilic side to form
the interior region of the pore.(b) The Carpet Model. In this model, peptides form carpets on lipid bilayer and
interrupt the membrane. (c) The Toroidal Model. The peptides lead to the continuous bending of lipid monolayers,
which leaves the water core placed in between peptides and lipid head groups. Reproduced from [206].
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Figure 1. 7. Models of intracellular killing by antimicrobial peptides. The target microorganism shown here is
Escherichia coli. Reproduced from [206].

Naturally derived peptides are however very expensive, hard to prepare and not
chemically stable [207]. Their short serum half-life limits the long-term antimicrobial effects
of AMPs [196]. Furthermore, with their broad-spectrum activity, AMPs can lead to the
eradication of natural flora [208]. In recent years, synthetic polymers that mimic AMPs, have
been developed based on polyguanidines, polybiguanidines, β-lactams [209] and norbonene
[210], which could be used for antimicrobial applications.

Cationic Compounds
Owing to their positive charge, most cationic compounds, such as quaternary ammonium
compounds (QACs), quaternary phosphonium compounds (QPCs) and chitosan (and its
derivatives), are proven to show antimicrobial properties. For example, polycations interrupt
the cell wall integrity and expose the cell membrane by replacing Mg2+ and Ca2+ ions (i.e.
cation exchange). In addition, the contact between chitosan and unguarded cell membrane
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(negatively charged phospholipid bilayer) increases the membrane permeability, leading to
intracellular substances leakage, and cell death [88].
QACs and QPCs have a long history of use in hygiene products for cleaning and
disinfection [211], and cosmetic products as preservatives [212] due to their low toxicity and
broad-spectrum antimicrobial properties against both Gram-positive, Gram-negative bacteria,
fungi and yeast [213]. Generally, compounds with 8 - 18 carbons are used as the antimicrobial
agents, as the alkyl chain length is known to directly affect the biocidal performance [211], i.e.
longer alkyl chains show improved antimicrobial activity [214]. Interestingly, phosphonium
salts were reported to have a better performance in bactericidal activity and killing rate
compared to the corresponding ammonium salts [215].
As an antimicrobial agent, chitosan and its derivatives have many advantages such as
biodegradability, nontoxicity and broad-spectrum activities against bacteria, fungi and yeast
[216]. With different forms, they have been used for many applications, including as
preservatives [217] and packaging additives in food industry [218]; as wound dressing
materials [219, 220] and antimicrobial coatings for medical implants [221] and textiles [222].
Despite its widespread use as an antimicrobial agent with broad applications, the exact
antimicrobial mechanisms of chitosan at the molecular level remain largely unknown [223].

Non-Cationic Compounds
Nitric oxide (NO) is an important compound for human beings. Generated by endothelial cells,
NO presents in healthy vasculature to prevent the activation and adhesion of platelets, and the
formation of thrombosis. Therefore, NO-releasing coatings are used for blood contact
equipment or implants to reduce thrombosis [224-226]. As shown in Figure 1. 8a, NO can react
with oxygen or reactive oxygen intermediates and produce reactive species such as nitrogen
dioxide and dinitrogen trioxide. These reactive species can interact with proteins and DNA,
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interrupt cell activities and disrupt the cell integrity, leading to the cell death (Figure 1. 8b)
[227]. NO is also involved in quorum sensing, which can interact with the biofilm bacteria
communities and lead to the dispersal of biofilms [228, 229]. The scaffolds used to incorporate
NO can be macromolecules, such as xerogels [230], polymers [231] and particles [232], or low
molecular weight (LMW) NO donors [233] such as metal nitrosyls, organic nitrites and nitrates.
In addition, macromolecular NO-releasing scaffolds can deliver NO more efficiently and in a
more controlled manner compared to LMW NO donors [234].

Figure 1. 8. Schematic diagram of the antimicrobial effects of nitric oxide [234, 235].

Tricolosan (TCS) is used as an antimicrobial agent in disinfectants, toothpaste, plastic
additives and other personal care products, acting against bacteria and certain types of fungi
[236]. TCS can interact with cytoplasmic and membrane sites after permeating the cell wall
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[237]. It can block lipid synthesis by targeting the triclosan-sensitive enoyl reductases [238].
These activities can prevent bacterial propagation and lead to cell death. In general, it is
considered safe to use TCS as an antimicrobial agent, however, the potential bioaccumulation
and development of antibiotic-resistant bacteria, and the toxicity to aquatic organisms, is a
cause of concern [236].

Antimicrobial Enzymes
Enzymes are biomolecules that catalyse biochemical reactions [239]. One type of enzyme long
used as a food preservative [240] is hen egg white lysozyme that shows antimicrobial activity
through lysis of bacterial cell walls. Egg white lysozyme has many other biological functions,
including anti-inflammatory activity [241] and antimicrobial activity against most Gramnegative bacteria and certain Gram-positive bacteria [240].
Other types of enzymes have been shown to effectively target quorum sensing (QS).
For example, using quorum quenching (QQ) enzymes to interfere with the QS process can
inhibit biofilm formation. In principle, by using this strategy, there is less chance to develop
antibiotic resistant bacteria, as QQ enzymes do not enter the cell wall but act remotely [242].
Table 1.1 presents examples of antimicrobial coating systems based on the release of
antimicrobial compounds. Details shown in the table include the compounds and the fabrication
methods used to develop coatings, as well as the coating efficacies against specific microbial
organisms.
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Table 1.1 Examples of antimicrobial compounds and application.

Types

Antibiotics

Antimicrobial
Peptides

Compounds

Key Results

References

Tobramycin

Crystalline carbonated hydroxyapatite (CHA) was precipitated
on titanium alloy surface. Tobramycin was then loaded into Effective
against the growth of
CHA by co-precipitation method.
Staphylococcus aureus bacteria in vitro.

[243]

Ciproflaxin

Polyglycolic acid (PGA) thread was soaked in a ciproflaxin
solution and then vacuum dried. The impregnated PGA threads Effective
against the growth of
were melt extruded as monofil rods and implanted into rabbits. Staphylococcus aureus bacteria in vivo.

[244]

Quinolones
(Ofloxacin)

The two bio absorbable polymer
Two DL-lactide: glycolide composites and ofloxacin were mixed composites systems were shown to be good
and heated. The melt composites were then extruded into a choices as drug delivery matrix for surgical
circular cone-like bead.
prophylaxis

[245]

Nisin, lipopeptide
4K-C16,
tritrpticidin

P(DOPA)-co-P(DMAEMA+) copolymer was deposited on a
substrate as an adhesive layer. Polyelectrolytes (Polyallylamine
hydrochloride-PAH and polyacrylic acid-PAA) and three AMPs The mixed coating systems demonstrated
were then deposited via layer-by-layer (LBL) technique to anti-adhesion effects and biocidal against
produce coatings.
Escherichia coli and Bacillus subtilis.

[246]

L5 (bovine
lactoferrin 14-31)

Silicon substrate was coated with poly(L-lysine) as primer.
Polyethylene glycol and acrylic acid (PEG-AA) copolymer The mixed coating systems demonstrated
microgel was deposited on the surface. AMPs were then dropped anti-adhesion effects and biocidal effects
onto the microgel-modified surface.
against Staphylococcus epidermidis.

[247]

Showed biocompatibility with NIH 3T3
fibroblasts and human umbilical vein
endothelial cells. The released AMPs
retained the ability to inhibit attachment of
Staphylococcus aureus.

[248]

Hydroxyapatite (HA) coating was produced by surface-induced
mineralisation (SIM) method. During the SIM process, the
structure was soaked in CHX solutions to incorporate CHX into The coating demonstrated inhibition of
the coating.
staphylococcus aureus in vitro.

[249]

Ponericin G

Cationic
Compounds

Treatment

Chlorhexidine
(CHX)

Films were assembled using LBL deposition. The architecture of
the film is denoted as (poly 2/polyanion/ponericin
G1/polyanion)n, where n represents the number of deposited
layers.
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Quaternary
ammonium salts
(QASs)

Non-cationic
Compounds

Antimicrobial
Enzymes

Quaternary
phosphonium salts
(QPSs)

QASs were covalently bound to poly(acrylic acid) surfaces via The coating surface effectively inhibited
ester functional groups. Through the slow hydrolysis of ester, Staphylococcus aureus and Escherichia
QASs were released.
coli.
The produced material demonstrated
Carbon spheres were synthesized and then activated via steam excellent antibacterial effects against
activation. QPSs were bonded on spheres' pore structures by Staphylococcus aureus and Escherichia
electrostatic interactions.
coli.

Chitosan

The film demonstrated broad-spectrum
antimicrobial activity against six tested
foodborne
pathogens
(Bacillus
Ethanolic extract of propolis and chitosan were mixed as a cereus, Cronobacter sakazakii, Escherichia
coating solution. The coating solution was cast onto coli, Listeria monocytogenes, Salmonella
polypropylene (PP) films using thin-layer chromatography plate typhimurium
coating.
and Staphylococcus aureus).

[252]

The surface demonstrated excellent antiadhesion and killing effect against
Pseudomonas
aeruginosa
and
Staphylococcus aureus, and minimal
cytotoxicity against L929 fibroblasts

[253]

Triclosan

Polyglycolide threads were coated with copolymers of lactide, ecaprolactone, and trimethylene carbonate and triclosan by The copolymers showed a high miscibility
immersing into solutions. The copolymers worked as the matrix with triclosan, which had the potential to
to load triclosan.
apply as a coating for multifilament threads.

[254]

Lysozyme obtained
from fresh hen egg
white

CA film incorporated lysozyme showed
controlled release of lysozyme, and
The polymer matrix produced from cellulose acetate (CA) and excellent antimicrobial activity against
lysozyme were dissolved and mixed in solution, and then cast on Escherichia
coli
and
Bacillus
a polypropylene substrate using automatic film applicator.
amyloliquefaciens.

[255]

Nitric oxide (NO)

A multi-layer surface was fabricated. At the bottom was an
amine modified xerogel, NO-release layer in middle, followed
by AgNO3 xerogel on top. In between each layer, a xerogel
barrier was presented.

[250]

[251]

43

Hen egg white
lysozyme
Peptides 1 and 2
that inhibit the
quorum sensing
(QS) circuit in
group-III
Staphylococcus
aureus
Acylase: degrade
bacterial QS
molecules; αamylase: degrade
bacterial QS
polysaccharides.

The coating system showed potent
bactericidal activities against Klebsiella
Lysozyme and silver acetate were mixed in solution and then pneumoniae,
exposed to light to form AgNPs. The colloidal lysozyme-AgNP Bacillus anthracis Sterne, Bacillus subtilis,
solution was deposited on stainless steel surgical blade and Staphylococcus aureus and Acinetobacter
syringe needle surfaces by electrophoretic deposition method.
baylyi.

[177]

The synthetic peptide 1 and 2 were encapsulated into medium
viscosity carboxymethylcellulose (CMC) matrix separately by
mixing the solutions. The mixed solutions were cast on various
substrates, such as non-woven and polymer mesh, by dip
coating.

The produced films can suppress the
bacterial toxin produced by Staphylococcus
aureus and reduce or prevent the
occurrence of toxic shock syndrome.

[256]

The produced coatings containing acylase,
The amino-preactivated silicone stripes were coated with α-amylase or both suppressed the biofilm
enzymes by LBL deposition method with positively charged formation of Pseudomonas aeruginosa and
polyethylenimine (PEI).
Staphylococcus aureus.

[257]
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1.3.2 Contact Killing Coatings
1.3.2.1 Antimicrobial Agents Immobilized on Surfaces
Compared to a surface that releases an antimicrobial agent into the environment, a surface
presenting immobilized antimicrobial compounds can provide advantages such as higher
stability and isolation of activity at the material/coating surface. In addition, studies have shown
that the immobilisation of antibiotics, AMPs, cationic compounds and other antimicrobial
agents on surfaces can present antimicrobial properties [258].
Through the polymerisation of cationic antimicrobial monomers, polycationic materials
provide antimicrobial activity either via physical adsorption or covalent bonding to a surface.
Studies to date on polycations include ammonium polybases (polylysine [259] and
polyethylenimine (PEI) [260]) and quaternary ammonium polysalts (polyionenes [261] and
quaternized poly(vinylpyridine) (PVP) [262]). Many factors can affect the antimicrobial
properties of surface immobilized polycationic materials, including chain length, grafting
density, polycation charge density, functional architecture and hydrophilicity/hydrophobicity
[263].
Using QAC-based surfaces as an example, there are two potential mechanisms
underlying their antimicrobial characteristics. The “penetrative mechanism” suggests that long
hydrophobic chains can initially interact with the cell surface via hydrophobic interactions and
then penetrate through the cell membrane to enable interactions between the cationic
ammonium groups and polar phospholipid headgroups of the membrane. The disruption of the
membrane and leakage of the cellular contents leads to loss of cell envelope structural integrity
[88, 264-266]. Importantly, sufficient chain length and chain mobility are required for
disrupting the cell membrane [267-269]. However, a study showed a monolayer of 345

(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride can also effectively kill
bacteria, suggesting that there might be some other mechanisms. The “ion exchange
mechanism” suggests that the polycations can replace or disturb cations absorbed by the cell
membrane, such as Mg2+ and Ca2+, resulting in the loss of cell envelope integrity and viability,
eventually leading to cell death [270]. Furthermore, a study investigated the antimicrobial
properties of poly-2-(dimethylamino)ethyl methacrylate (DMAEMA) towards Escherichia
coli (E. coli) as a function of chain length, chain density and charge density [88]. Murata et al.
suggested a cationic surface with charge density of greater than 1-5×1015 accessible quaternary
amine units/cm2 could kill at least one layer of E. coli cells [88]. According to other studies,
the hydrophilicity/hydrophobicity balance of polymer chains is also important, as it determines
the adsorption of bacterial cells, as well as the conformation behaviour of the polymers [271,
272].

1.3.2.2 Antimicrobial Nanostructured Surfaces
The remarkable mechano-biocidal properties of nanostructured surfaces present in nature,
including cicada wings [273], gecko skin [274] and dragonfly wings [275], have led to their
increasing investigation in recent years. As shown in Figure 1. 9 [276], nanostructures serve as
nanoblades or nanodarts, piercing the cell wall structures and leading to cell death. These
surface-based nanostructures, including those described as nanopillars and nanospikes and
other high aspect ratio topographical structures, have the ability to induce the deformation or
rupture of the cell wall, killing microorganisms upon contact with the surface.
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Figure 1. 9. The schematic diagram of mechano-bactericidal nanostructures [276]. (Figures are not drawn to
scale)

To date, many materials have been successfully fabricated with nanostructures,
including inorganic materials [277-280] (black silicon, diamond, titanium and titanium
dioxide), metals [281, 282] (Ti alloy and Au) and polymers [283, 284] (PMMA and PS).
Fabrication techniques such as plasma etching, nano-imprint lithography, laser ablation and
reactive-ion beam etching, can be utilized to create the nanostructures. In addition, current
studies have a strong focus on bactericidal properties due to the complexity of the fungal cell
surface and its interactions with surfaces, and therefore only a few studies have tested their
fungicidal efficacy. Nowlin and colleagues deposited a 10 nm layer of gold on wings of
different cicada species via sputter coating and tested their fungicidal activity against the yeast,
Saccharomyces cerevisiae [285]. The results showed that gold-coated cicada wing surfaces
with high aspect ratio could effectively inhibit fungal growth, specifically by rupturing the
fungi cell wall as shown in Figure 1. 10 f-j.
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Figure 1. 10.The surface topography and roughness of (a-c) gold-coated glass and (f-h) gold-coated Progomphus
obscurus (common sanddragon dragonfly, DF) wing surface. The typical morphology SEM images of
Saccharomyces cerevisiae on (d-e) gold-coated control and (i-j) DF surface. Reproduced from [285].

Although nanostructured surfaces show great potential as coatings with mechanobiocidal properties, especially to bacteria, the precise mechanism is still not fully understood.
Further studies are required to identify the factors that affect the biocidal performance in order
to achieve much broader-spectrum antimicrobial effects. In addition, the debris of dead cells
accumulated on the surface may decrease the biocidal efficiency over time.
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1.4 Antifouling Coatings
Most materials employing a biocidal component involve the release of biocides, which raises
the risk of increasing biocide resistant species, and contamination of the environment, and
therefore may not be desirable for long-term applications. Furthermore, the accumulation of
dead cells might negate the active coating surface. Alternatively, antifouling coatings that
reduce the adhesion of microbes during the initial attachment stage can effectively reduce the
growth of microbes on a surface without the concerns over maintaining concentrations of toxic
components, production of resistant microbial fouling organisms, and environmental pollution.
Therefore, this section of the chapter focuses on different approaches to develop antifouling
coatings.
As discussed earlier, many surface properties affect the adhesion of microbial
organisms, such as bacteria and fungi, including surface charge, wettability and surface free
energy. For example, due to the negative charge of most bacterial cells, a positively charged
surface tends to increase bacterial adhesion [286]. Some studies have shown bacteria adhere
effectively onto polymer surfaces with moderate hydrophilicity (contact angle 40 ~ 79°) [287,
288]. The relationship between surface free energy and bacterial adhesion has been extensively
studied and famously described in the ‘Baier curve’ (Figure 1. 11), where the lowest bacterial
adhesion occurs when the surface free energy is between 20 and 30 mN/m, i.e. the foul-release
zone [289, 290].
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Figure 1. 11. Baier curve shows a descriptive correlation between the critical surface tension of the surface with
the degree of bio-fouling retention [290].

1.4.1

Superhydrophobic Surfaces

Inspired by the lotus leaf effect in nature, the superhydrophobic surface, where a water contact
angle of a surface is > 150°, has drawn significant interest because of the self-cleaning
mechanism of action. By combining surface chemical composition and roughness,
superhydrophobic surfaces are designed to have water forming as a droplet and rolling off
easily along with contaminants. When used for preventing macromolecular and microbial
adhesion, superhydrophobic surfaces have been tested against protein [291-293], bacteria [294296] and marine microorganisms [297]. Nevertheless, the mechanism by which the
superhydrophobic surfaces prevent adhesion is still under debate. Proposed by Truong et al.
[298], the prevention of bacteria adhesion by superhydrophobic surfaces might relate to the
presence of air bubbles. As shown in Figure 1. 13b, the presence of nanobubbles makes it
difficult for bacteria to traverse the air-water interface. Furthermore, the water turbulence
makes it unfavourable for the bacteria cell to accumulate on top of the nanostructures.
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Consequently, the cells slide to and accumulate in between the surface domains where air
microbubbles are likely to exist (Figure 1. 12a). One caveat of superhydrophobic surfaces is
after they have been submerged in water for an extended period of time, the air bubbles are
gradually adsorbed into the surrounding solution, increasing the wetting of the surface and thus
the adhesion of bacteria to the surface.

Figure 1. 12. The proposed mechanisms of superhydrophobic Ti surface with bacteria accumulating at the triphase interface [298].

As the current superhydrophobic surfaces may not be able to provide a long-term
efficiency, these types of antifouling coatings would benefit from further studies to explore the
factors that affect the efficiency, and/or combine with other mechanisms and antifouling
strategies to prevent adhesion of microbes.

1.4.2

Slippery Liquid-Infused Porous Surfaces (SLIPS)

Inspired by fluid-lined surfaces omnipresent in nature [299, 300], many studies have
incorporated liquids into different materials to create liquid-infused porous surfaces (also
known as SLIP surfaces) to prevent the adhesion of a wide range of contaminants, including
protein [301-303] and microbes such as bacteria [304-306] and fungi [307]. As shown in Figure
1. 13, the solid substrate can be made from many different materials with a flat or rough
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topography, while the infused liquid should wet the solid more favourably than the
contaminating liquid [308].

Figure 1. 13. Schematic diagram of parameters and tunable properties in terms of liquid-infused surface design
[308].

Several liquid-infused surfaces have been tested against a broad range of bacteria, with
promising results. According to Epstein et al., a PTFE membrane infused with
perfluoropolyether showed a 99.6% reduction of Pseudomonas aeruginosa biofilm in 7 days
and also a significant reduction of Staphylococcus aureus (97.2%) and Escherichia coli (96%)
for 48 hours, all under flow conditions (10 ml/min) [304]. Silicone-oil-infused PDMS, on the
other hand, showed complex results against the tested bacteria [309]. After multiple removal
cycles, more bacteria adhered to the surface under flow than that in a static environment,
indicating the disruption of the liquid layer [309]. Although promising and having only recently
emerged, relative to other types of antifouling surfaces, further studies are required to
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understand the properties, continuity and stability of the liquid infused layer, particularly under
different environmental conditions, as well as the fundamental interactions, e.g. adhesion,
between the SLIPS layer and various microbial organisms.

1.4.3

Hydrophilic Surfaces: Non-Ionic and Zwitterionic

The remainder of this chapter focuses on hydrophilic surfaces, firstly providing an overview of
general hydrophilic chemistries and secondly providing an in-depth look at the short-chain
chemistries that are specifically investigated in this thesis. Hydrophilic surfaces and polymers
designed to strongly bind water have shown effective prevention against non-specific protein
adsorption, as well as adhesion from the other biomolecules and microorganisms. There are
two main kinds of antifouling hydrophilic surfaces, non-ionic and zwitterionic surfaces, which
are suggested to bond water molecules via hydrogen bonding and ionic solvation, respectively
[310-313]. The strongly bound hydration layer(s) near these surfaces’ forms both physical and
energetic barriers to prevent microbial adhesion. According to Whitesides et al., common
properties associated with these low-fouling or non-fouling chemistries include being
hydrophilic in nature, having electrical neutrality and possessing hydrogen-bond
acceptors/donors [314, 315]. Many surface functionalisation methods can be utilised to produce
these hydrophilic coatings, including self-assembled monolayers (SAMs) [316], chemical
linkage, physical absorption [317], and “graft-from” and “graft-to” approaches [318, 319].
Flexible chains of polyhydrophilic and polyzwitterionic functionalised surfaces (Figure 1. 14)
as well as surfaces with short chain hydrophilic chemistries (e.g. SAMs) can lead to hydration
and/or steric repulsion under compression, resisting protein adosprtion onto the surface [320].
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Figure 1. 14. Schematic diagrams of (a). polyhydrophilic polymers; (b). polyzwitterionic polymers; (c). SAMs
[321]

Many hydrophilic non-ionic materials possess antifouling properties, including
polyethylene glycol (PEG)-based materials [12], Poly-2-methyl-2-oxazoline (PMOXA) [322],
Dendron [323] and dextran [324]. Among the hydrophilic materials, PEG-based surfaces have
been extensively studied, especially on understanding the role of hydration mechanisms in
preventing protein adsorption. With respect to zwitterionic materials, there are two main types:
polybetaines, with both positive and negative charges presenting on the same monomer unit
and, polyampholytes, that have opposite charges carried on two different monomers [321].
Consisting of high dipole moments and highly charged groups with overall charge neutrality,
zwitterionic materials are considered biocompatible due to their bio-mimetic properties [321].
Hence, the chapter focuses on specific hydrophilic surfaces, namely the broadly used PEGbased surfaces and its short-chain forms Oligoethylene glycol (OEG) and monoethylene glycol
(MEG), and the zwitterionic polybetaines. In particular, their interactions with proteins and the
role of surface hydration are presented.
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1.5 Non-Ionic Hydrophilic Surfaces
1.5.1

Polyethylene Glycol (PEG)

As one of the most common hydrophilic antifouling materials, polyethylene glycol (PEG) has
been used broadly in different applications since the early 1980s, to prevent the adhesion of
proteins, cells, bacteria, fungi and marine organisms [325, 326]. Ease of fabrication has seen
PEG be adopted in different fields, with PEG functionalised surfaces prepared by ‘graft-to’ or
‘graft-from’ methods [327], or techniques such as electrostatic adsorption [328] used to
immobilise PEG on the substrate. Despite the attractiveness of PEG as an antifouling surface
chemistry, limitations related to its long-term stability must be considered. As a polyether, PEG
can be autoxidized relatively rapidly, especially in vivo, where aldehydes and acids can cause
oxidization of hydroxyl groups [315] [329] and the presence of oxygen and transition metal
ions, such as superoxide anions and H2O2, can accelerate the oxidisation process [330]. In air,
it has been shown that PEG can degrade in one week at 45 °C or one month at 20 °C [331] via
photooxidation [332] or/and thermal oxidative degradation [332-334].
The two main theories underlying the antifouling properties of PEG are schematically
given in Figure 1. 15 and explained by 1) an “Elastic effect” due to the “brush-like” polymer
structure, yielding steric repulsion when under a compressive force [335], and 2) an “Osmotic
effect” due to the hydrophilic nature of PEG chains and the release of bound water into the
bulk that generates an unfavourable energy penalty for protein adsorption. Parameters such as
the molecular weight [336], grafting density [320], conformation of polymer chains [337] and
chemistry of end-groups [338] were shown to affect the antifouling performance of PEG. A
benefit of using long chain PEG is due to its sufficient surface coverage, though similar or even

55

better surface coverage is also possible through the self-assembly of short chain Oligoethylene
glycol (OEG) [339], which is introduced in sections further below.

Figure 1. 15. Two main mechanisms to explain protein resistance abilities of PEG. A). Elastic effect; B). Osmatic
effect [340].

1.5.2

Short Chain Oligoethylene Glycol (OEG)

Prime and Whitesides et al. (1993) reported protein adsorptions on a series of self-assembly
monolayers (SAMs) of alkanethiols (HS(CH2)10R) modified on gold surfaces, where R referred
to CH3, CH2OH, and oligoethylene oxide (EO) [341]. SAMs terminated with a sufficient
density of EOs can effectively resist proteins, suggesting that short chain oligomers resist
proteins just as effectively as long chain polymers like PEG [341]. This hypothesis was further
confirmed by Szleifer and co-workers whose studies showed that functional density plays a
major role in protein resistance, while chain length and polymer molecular weight had a
minimal effect [342, 343].
The Grunze group similarly studied the protein resistance of oligoethylene glycol
(OEG)-terminated alkanethiol SAMs on gold and silver substrates [344]. They found that the
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SAMs on Au surface with helical conformation (h-SAM) showed protein resistance, while
SAMs on Ag surface with all-trans conformation tended to absorb proteins (Figure 1. 16).
Therefore, it was proposed that h-SAM chain retains a higher degree of solvation, which can
better resist proteins [344].

Figure 1. 16. Molecular cross-sections for the helical EG3-OMe on gold and “all-trans” EG3-OMe on silver [345].

The same research group later investigated the interaction between fibrinogen and
(ethylene glycol) EG3-OMe SAMs on Au and Ag surface in aqueous environments using
Scanning Force Microscopy (SFM) [345]. More specifically, the study used SFM probes
functionalised with fibrinogen to measure differences in the interaction forces with varied
SAMs surfaces. Repulsive forces were observed on the SAMs-Au surface, while long-range
attraction was observed on SAMs-Ag surface. The presence of attractive or repulsive forces
were attributed to the molecular conformation differences of the SAMs, which were either
helical (h-SAM) and all-trans (t-SAM) [345]. A quantum mechanical study using density
functional theory showed that hydrogen bonding forms between oxygen atoms of EG units of
OEG-SAMs and the hydrogen atoms of water molecules. The h-SAM conformation (versus
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the t-SAM) is more energetically favourable for this hydrogen binding formation, leading to
better protein resistance [346]. Furthermore, it has been shown that the interior and terminal
hydrophilicity, and packing density, is important for OEG-SAMs to prevent protein adsorption
[311]. For example, hydroxyl terminated SAMs with hydrophobic interiors such as
oligopropylene glycol tail groups showed no protein resistance, opposed to oligoethylene
glycol or tri-(trimethylene glycol) tail groups, indicating the influence of interior hydrophilicity
on protein resistance. In addition, with oligoethylene glycol tail groups, SAMs terminated with
more hydrophobic epoxy, propoxy or butoxy groups showed stronger protein adsorption in
comparison to hydroxyl termination, indicating the importance of terminal hydrophilicity in
protein resistance. Moreover, the study showed that the lateral packing density and chain length
also play a role in protein resistance [311]. To provide more details at a molecular level, Ismail
and co-workers used molecular dynamic (MD) simulations to study the protein interactions
with the h-SAM and t-SAM of OEG-SAMs. For h-SAM on Au surface, a higher chain density
produced more hydrogen bonding and increased water dynamics, giving rise to a “bulk waterlike” interface that reduced the capacity for proteins to unfold and ultimately increased protein
resistance. In contrast, a high density of SAMs on Ag gave an overall hydrophobic surface,
enabling the protein to unfold and adsorb onto the surface [347].
Jiang and co-workers investigated the water dynamics of helical OEG-SAM in
comparison to –OH and –CH3 terminated SAMs and found that a significant number of highly
bound water molecules are around OEG chains [348]. Furthermore, It was proposed that the
flexibility of OEG chains is important for protein resistance, which is related to the chain
packing density, where mole fractions at 0.5 and 0.8 showed more hydrogen bonds than at 0.2
or 1.0 [348]. Follow-up experiments by Jiang et al. confirmed the role of packing density and
further proposed that a higher repeat EG unit number can increase the protein resistance [349].
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MD simulations investigating the interaction between protein and OEG-SAMs showed
that the relative protein resistance was greatest for OEG-SAMs > OH-SAMs > CH3-SAMs and
the repulsion force occurred mainly due to hydration water as opposed to SAMs surface itself.
In comparison to OH-SAMs, the water molecules associated with OEG-SAMs resided for a
longer time with slower re-orientation, indicating a tightly bound and stable hydration structure
acting as a physical barrier to resist protein adsorption [310].
Looking back collectively, OEG-SAMs with disordered and flexible chains, and both
interior and terminal hydrophilicities, show the presence of tightly bound water molecules and
exhibit the greatest protein resistance. Specifically, the water molecule dynamics around EG
units correlate to the packing density, chain conformation, repeated unit numbers, and terminal
groups.

1.5.3

Monoethylene Glycol (MEG) Ultrathin Adlayers

Thompson et al. reported mixed layers of OEGylated SAMs significantly reduced avidin
absorption from relatively concentrated (0.1 mg/mL) PBS-buffered solutions using
electromagnetic piezoelectric acoustic sensor (EMPAS) [350]. More specifically, longer OEGs
were functionalised with specific chemistries (named linkers) to enable covalent binding with
biomolecules for biorecognition studies. Shorter monoethylene glycolated (MEG, shown in
Figure 1. 17a) chemistries (named diluents) were designed to act as “spacers” between the
linkers, in order to enhance the overall binding [350].
With the consideration that the ultra-thin MEG-SAM could possess antifouling properties,
a follow-up study from the same research team systematically assessed the antifouling
properties of several MEG-based SAMs (Figure 1. 17b) modified on quartz surfaces against
undiluted goat serum (45 ~ 75 mg protein/mL) [351]. The three MEG-based SAMs all showed
resistance to the serum, among which MEG-OH showed a significant reduction of protein
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binding, i.e. > 15-fold decrease relative to unmodified quartz surface. These reductions were
proposed to relate to the presence of hydration across all MEG-based SAMs. MEG-OMe SAMs
with and without soaking in MeOH/H2O overnight gave differing amounts of serum adsorption,
as indicated by resonant frequency shifts of 7 kHz and 13 kHz, respectively, further suggesting
the role of surface hydration [351]. In addition, the MEG-OH SAMs on gold surfaces incubated
in water overnight showed more serum detachment at the rinse-off phase compared to the
SAMs without incubation treatment [352]. It was proposed that the incubation of MEG-OH
SAMs generated a surface hydration layer which was of longer range and had enhanced water
structuring, leading to improved resistance to serum adsorption. The ability to form such
hydration properties was attributed to the internal ether oxygen and distal hydroxyl moieties of
MEG-OH (Figure 1. 18) [352].

Figure 1. 17. (a) Illustrations of MEG-based ligands modified on quartz surfaces; (b) EMPAS frequency shift after
injecting undiluted goat serum onto quartz and the MEG-based SAMs. Reproduced from [351].

To further explore the surface hydration properties of MEG-based SAMs, Neutron
Reflectometry was used to probe the hydration structure of MEG-OH and OTS-OH, of which
the latter lacked an internal oxygen [353]. A continuous, thicker water structure with hydrogellike characteristics was observed on the MEG-OH SAMs, while a thinner water structure
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residing only at the interface was observed on the OTS-OH SAMs surface, i.e. water could not
penetrate into the OTS-OH SAMs [353].
MD simulation work further investigated the surface hydration properties of the MEGbased adlayers with a ~ 4.2 residue/nm2 grafting density, including OTS, OTS-OH, O-OTS,
MEG-OH and MEG-OMe [354]. By comparing properties such as the water distribution,
adlayer energy, dehydration energy, adlayer flexibility and water dynamicity at molecular level,
the study confirmed the critical role of the internal oxygen atom. The presence of an internal
oxygen atom strengthens the hydration by enabling the arranged water to internalize within the
SAMs. Combining this with the distal hydroxyl group significantly increases the probability of
the SAMs to organize interfacial water. Based on these findings, the authors proposed the key
elements in the design of hydrophilic surfaces with antifouling properties include: surface
hydrophilicity and kosmotropicity, water molecule lability and mobility, and chain dynamics
(Figure 1. 18) [354].

Figure 1. 18. The basic principles to design hydrophilic surfaces with antifouling properties [354].
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1.6 Zwitterion Functionalized Surfaces
Different from PEG based hydrophilic surfaces, zwitterionic surfaces bond water molecules
more tightly via ionic solvationk, due to the presence of both positive and negative charges on
either the same monomer or separate monomers (Figure 1. 19).

Figure 1. 19. Illustrations of four types of zwitterionic surface designs. a. SAMs with the two opposite charges on
the same monomer; b. mixed charged SAMs with positive and negative charges on separate monomers; c.
polybetaines with the two opposite charges on the same monomer unit; d. polyampholytes carrying 1:1 opposite
charges on two different monomer units. Reproduced from [321].

With both positive and negative charges presenting on the same monomer, polybetaines
can be further classified into three main types of chemistries, including phosphonate-betaines
(PB), sulfonate-betaines (SB) and carboxylate-betaines (CB), depending on the anionic groups
[321] (Figure 1. 20). Of the three surfaces, SB and CB based materials are the most extensively
studied and have demonstrated excellent low fouling properties against not only single protein
solutions [312] but also undiluted blood plasma and serum [313], as well as bacterial cells [355].
According to Chen et al. [321], charge distribution uniformity and overall charge neutrality are
critical factors for controlling the interaction between the surface and protein.
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Figure 1. 20. Chemical structures of a. phosphonate-betaines (PB), b. sulfonate-betaines (SB) and c. carboxylatebetaines (CB) [321].

1.6.1

Sulfonate-Betaine (SB) and Carboxylate-Betaine

(CB) Zwitterions
Although both SB and CB moieties exhibit strong hydration due to the different anionic charges,
their interactions with water molecules and proteins are different. For example, CB polymers
exhibit resistance to protein at pH > 5, as the carboxyl groups are protonated under acid
conditions. In comparison, SB polymers are insensitive to pH changes whose interfacial water
ordering remains constant at pH ranging from 5 to 9 [356, 357]. Moreover, with increasing
carbons spacer length between carboxyl and quaternary amine groups of CB polymers, that
hydrophobicity increases and the protein resistance is decreased [358]. Furthermore, SB
moieties tend to attract more water molecules but have weaker interactions with water
molecules in comparison to CB moieties [359]. CB moiety also has higher selectivity over
different cations than SB moiety [360]. Specifically, the association numbers and lifetimes
between CB and cations follow the order of CB–Li+ > CB–Na+ > CB–K+ > CB–Cs+. Compared
to CB, SB moiety has less anionic charge density, which results in the preferred attraction of
chaotropic cations over kosmotropic ions [360]. In addition, CB tends to form less selfassociations, resulting in the absence of thermal or salt responses [361]. Therefore, CB remains
inert to the environmental changes and present better antifouling performance in more complex
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fluids. As opposed to SB, the moderate level of self-association may result in having external
stimuli properties [362].

1.6.2

Comparison of PEG and CB/SB Systems

Surface hydration is critical for both PEG-based and zwitterionic surfaces to resist protein
adsorption, although the structuring of interfacial water and the extent to which these surfaces
resist fouling (protein adsorption) is varied. For example, as shown in Figure 1. 21, OEG SAMs
and the three polymer brushes, including poly sulfobetaine mechacrylate (pSBMA), poly
carboxylbetaine mechacrylate (pCBMA) and poly oligoethylene glycol mechacrylate
(pOEGMA), exhibited low-fouling properties against platelet adhesion with less than 10 ×
103/cm2 platelet adhesion. Comparatively, commonly used Polystyrene (PS) for cell culture
and medical applications has a significantly higher average platelet adhesion level of 211 ×
103/cm2 [363]. Among the three polymers, pCBMA had the least amount of platelet adhered.
In addition, pCBMA brushes proved to have significantly higher anticoagulant activity than
pSBMA and pOEGMA brushes. This result was thought to relate to the chemical structure of
pCBMA [363] which is an analogue of zwitterionic glycine betaine [(CH3)3N+CH2COO-], a
compound that is used to treat blood coagulation [364].

Figure 1. 21. The platelet adhesion level on varied surfaces: OEG SAMs, and pSBMA, pCBMA and pOEGMA
brushes [363].
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MD simulations further revealed molecular details of PEG-based surfaces and
zwitterionic surfaces. In comparison to OEG4(HO(CH2CH2O)4H) moieties, CB and SB
moieties exhibited stronger hydration by showing a much lower free energy [359]. Furthermore,
studies showed that the water molecules around phosphorylcholine (PC) moiety show similar
reorientational dynamics as bulk water. These water molecules exchange less frequently, and
their dipole distribution is much closer to bulk water than those water molecules around EG
moiety. The results denote the ionic nature of PC group as opposed to EG which binds water
molecule through hydrogen bond [365].
Other similar studies by Shao et al. [366] were done on chymotrypsin inhibitor 2 (CI2),
which was placed in OE4 and CB solutions. The CI2 remained folded and did not bind to the
two moieties, indicating their protein resistance. However, OE4 was shown to affect protein
structures more than CB. For example, CI2 was more rigid in OE4 solution with less solvent
accessible surface area (SASA) of its hydrophobic domain. Zhan and co-workers probed the
hydration structure changes of pSBMA and pOEGMA polymers upon adsorption of proteins
using the sum frequency generation (SFG) vibrational spectroscopy [367]. They found that,
although both polymer brushes had strong surface hydration, the presence of proteins caused
disruption of the hydration of pOEGMA but not pSBMA. Furthermore, free pOEGMA but not
pSBMA in solution affected the hydration associated with the protein surface. Both findings
suggested that the surface hydration of pSBMA was more stable and strongly bonded, as
opposed to pOEGMA [367].
In addition, the hydrophobic interactions of EG4 and CB moieties were investigated
[368], as hydrophobic interaction plays an important role in biological processes such as
protein folding [369] and enzyme-ligand binding [370]. In the study, two non-polar plates were
placed in EG4 and CB solutions, wherein the water molecules were depleted from plates in EG4
solution while no significant changes were observed in CB solution [368]. The results indicated
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that there is a smaller influence of the CB moieties toward hydrophobic interactions, in other
words, CB exhibited higher bioactivity [368].
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1.7 Characterization of Hydration Forces
Given the critical role of interfacial forces, such as surface hydration and steric repulsion in the
antifouling properties of hydrophilic surfaces, there is a significant interest in elucidating the
antifouling mechanisms by examining interfacial forces. In this regard, many techniques are
used to probe and understand the interfacial forces, including contact angle measurement,
Scanning Force Microscopy (SFM), Surface Force Apparatus (SFA) and particularly Atomic
Force Microscopy (AFM). Herein, studies utilising AFM based techniques, specifically those
examining forces and interfacial structures in relation to hydration, have been summarised.
This section also provides background into the motivation for using AFM based techniques in
this thesis, particularly to understand the antifouling mechanisms of surfaces presenting shortchain hydrophilic chemistries.

1.7.1

Probing Hydration Forces Using AFM

In a liquid environment, the interaction between two charged surfaces can be theoretically
studied by DLVO theory (developed by Derjaguin, Landau, Verwey, and Overbeek) that
describes the van der Waals (vdW) force and electrostatic interaction due to the electrical
double (diffuse) layer (EDL) of counterions [371, 372]. In principle, the vdW force acts as an
attractive force and occurs at a short-range (1 ~ 2 nm) between atoms [373]. The EDL force
operates at larger distances and relates to surface charge. Furthermore, EDL interactions
depend on the ionic strength of the medium and can be negligible i.e. can be screened, at high
electrolyte concentrations. Due to the co-existence of other forces, such as the interactions
arising from acid-base [374], steric [375], hydrodynamic interfacial forces [376], hydration and
surface roughness [377], the “extended DLVO” theory with considerations of non-DLVO
components has been studied [378]. Amongst these other types of interaction forces,
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elucidating the origin of short-range repulsive forces has been an enduring focus of study,
particularly for those interested in measurements with SFM and AFM. Intriguingly, these
hydration forces unexpectedly deviate from the predicted DLVO theory and are commonly
observed by AFM on hydrophilic surfaces, such as mica, silica and alumina, as a short-range
repulsive force, usually decaying exponentially and occurring very close the surface. In the
following sections, we focus on studies that have used AFM to investigate the short-range
repulsive forces often associated with hydration forces.
Over the past several decades, there have been extensive studies using AFM force
measurement to understand surface hydration interactions and forces of various materials. The
majority of these measure the forces in contact (static) mode as a function of salt or pH. The
muscovite mica surface is one of the most studied due to its natural hydrophilic properties and
atomically flat surface. According to Butt et al. [379], under high salt condition (MgCl2 > 3 M),
the short-range repulsion can be observed between an AFM silicon nitride (Si3N4) tip and the
mica surface. The repulsive force shows an exponential decay, with a decay length of 3 nm,
that is attributed to hydration forces required to dehydrate the adsorbed ions on the mica surface
[379].
As a very important inorganic material, SiO2 has also been widely studied for hydration
forces [380]. Silica surfaces are hydrophilic due to the formation of hydroxyl groups on the
surface, especially under alkali conditions. Two main mechanisms have been proposed to
explain the short-range repulsion on silica surfaces:1) surface hydration, and 2) the formation
of silicate gel [381]. However, many studies have shown that the short-range repulsion is more
likely to arise from hydration forces [380, 382-385]. For example, the adhesive interaction
between an AFM Si3N4 tip and glass surface was investigated under different pH (5, 8 ~ 9,
and > 9). The oscillatory profile occurring at pH = 8 ~ 9 suggested the adhesion was due to
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either the variations of hydrogen bonding between the surfaces, or the breakdown of the
continuum water structure close to the surface [386].
The introduction of colloidal AFM probes with well-defined geometry and larger size
colloid radius provided higher force sensitivity and reproducibility, as well as enabling a
comparison between the experimental forces and those predicted by DLVO theory [379, 387,
388]. Using this approach, several studies have probed the short-range repulsion on various
silica-based surfaces [380, 382-385]. Valle-Delgado et al. [380] measured the interaction
between a ~ 5 µm silica microsphere and flat silica surface as a function of NaCl concentration
and pH (Figure 1. 22). The experimental results showed a short-range repulsion (< 2 nm) under
all conditions, especially under high NaCl concentration and low pH where the EDL is
negligible. Although the application of various theoretical models alluded to different origins
of the hydration force, including the breakage of hydrogen bonds, or adsorption of counterions
and polarization of water molecules by surface dipoles, it was suggested that the bonding and
rupture of water molecules around the surface hydroxyl groups most likely governs the
hydration force [380].

Figure 1. 22. Normalized interaction forces versus separation distance between silica microsphere and flat silica
surface in (a) 0.01 M NaCl as a function of pH: 9 (■), 7 (○), 5 (▲) and 3 (▽), and in (b) 1 M NaCl as a function
of pH: 9 (■), 7 (○), 5 (▲) and 3 (▽). Reproduced from [380].
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Lee et al. [389] measured the interaction between a silica sphere and glass plate in the
presence of water, N-methyl-2-pyrrolidone (NMP) and their mixtures. In pure water, a stronger
repulsion was observed under 10 nm, which was suggested to be caused by hydration from the
layering of water molecules on the opposing surfaces. Furthermore, the addition of NMP into
the solutions altered the interactions whereby an attraction was observed. The results further
confirmed the presence of surface hydration, because as the stronger proton acceptor, NMP
molecules adsorb preferentially onto the silica surface, relative to water, therefore, altering the
hydration structure [389]. Interestingly, in addition to measuring forces, Peng et al. imaged the
surface topography of silica under different conditions, further confirming the presence of
surface hydration [390]. By using tapping mode AFM, the topography images obtained in air
showed rougher surfaces with more details in comparison to those images obtained in solution.
Using contact mode imaging in solution however did not affect the image quality markedly
and gave identical topographies to those taken using tapping mode in air. As shown in Figure
1. 23, results suggested the presence of hydration on silica surface in liquid can hide the surface
structures probed by tapping mode AFM, which therefore produces flatter images with less
details, as opposed to contact mode where the AFM tip can closely interact with the true surface
[390].

Figure 1. 23. Schematic diagrams of AFM imaging on a hydrated surface in water using (a) contact mode and (b)
tapping mode [390] .
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The hydration force in aqueous solution has been shown to consist of two components,
including either the force to remove water hydrating the surface or the force to remove hydrated
ions that adsorb onto surface (secondary hydration). Thus, pH, ionic strength and specific ion
types are expected to play a role in determining these components. For example, Dishon et al.
[391] systematically investigated the interactions between silica surfaces in the presence of
different ions at various ionic concentrations. At pH 5.5, with the addition of ions, the EDL
repulsion was gradually screened and van der Waals attraction started to predominate the
interaction [391]. Once the ionic concentration exceeded the amount required to neutralise the
silica surface (for Na+, K+ and Cs+: 0.5 - 1 M, 0.2 - 0.5 M and ~ 0.1 M, respectively, at pH ~
5.5), the repulsive force re-emerged due to the excess adsorbed cations involved in electrostatic
interactions. In addition, the study showed that the different microscopic mechanisms on how
the varied types of ions interact with the hydration layer of silica surfaces. For example, the
highly hydrated Na+ was shown to be expelled from the Stern layer, while the weakly hydrated
K+ and Cs+ lost their hydration shells and directly adsorbed on the silica surface [391]. Other
researchers using different techniques also reported these dynamic cation/water layer
interactions [392-395]. Further studies on such phenomena as a function of pH, ionic
concentration and ion type [396] showed that the higher the pH, the stronger the hydration
force due to the deprotonation of silanol groups on silica surface. Furthermore, the larger Cs+
ion had a weak interaction with water, referred to as a “structure breakers”, and preferentially
adsorbed on the neutralised silica surface. Oppositely, the “structure makers”, Na+ and K+,
preferentially absorbed on the deprotonated silica surface [396].
Beyond the above measurements typically performed on silica surfaces, Tsapikouni et
al. studied the interaction between protein (fibrinogen) functionalized probes and a mica
surface as a function of pH (3.5, 5.8 or 7.4 at 150 mM NaCl) and ionic strength (15, 150 or 500
mM NaCl at pH 7.4) [397]. The largest short-range repulsion upon approach was observed at
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500 mM, suggesting the involvement of two main mechanisms: 1) conformational changes of
the protein (i.e. compact conformation which prohibits the formation of binding between
proteins and mica), or 2) greater adsorption of hydrated ions on the surface resulting in shortrange repulsion, i.e. hydration forces. Under acidic conditions (pH 3.5 and 5.8), the short-range
repulsion was significantly less due to the near neutral or positive surface charge of mica, where
Cl- ions can only be weakly bound to the surface [397].
Many other AFM studies have proposed the existence of hydration layers on various
surfaces, primarily based on the observation of short-range repulsion instead of attractive forces
predicted by DLVO theory. The surfaces investigated in these studies include inorganic
surfaces such as mica [398-400], molybdenite (MoS2) [385] and multiphase volcanic rock
[401], metal oxides such as alumina [383, 402, 403], organic materials such as polyanilines
(PANI) [404] and its derivative, poly(o-ethoxyaniline) (POEA) [405].

1.7.2

Dynamic AFM Mode

Although static AFM force measurements are simple and easy to perform, detecting hydration
layers and their associated water structure presents several challenges using this technique.
Generally, the contact between the AFM tip and sample surface can lead to damage and
contamination of the tip or surface [406]. Moreover, the instability of soft (low spring constant)
cantilevers required for such measurements leads to the problem of “jump-to-contact” or “snapin”, i.e. where the cantilever tip is instantaneously attracted to the surface [407]. The latter
hampers the ability to control the position of the tip, the applied force, specifically to measure
short-range interfacial forces, and especially to detect the oscillatory profile. In liquid, solvation
force arising from the ordering solvent molecule on surface is generally shown as oscillatory
profile, and specifically in water, called hydration force [408]. Inadvertently, the dynamicmode AFM was invented in 1987 [409], which overcomes these limitations and was mainly
72

implemented to reduce lateral forces by oscillating the cantilever near its resonance frequency
during imaging. The interactions between the AFM tip and sample surface lead to changes in
the oscillation parameters such as amplitude, frequency and phase, which can be used as
feedback to track the surface topography [410]. It has now been widely implemented in vacuum,
air and liquid for imaging of samples with atomic and nanometer scale resolution.
The two main classes of dynamic AFM modes are Amplitude Modulation Atomic Force
Microscopy (AM-AFM) and Frequency Modulation Atomic Force Microscopy (FM-AFM)
[411]. In AM-AFM, the cantilever is oscillated at a frequency near its resonance frequency (f₀).
The changes in the interaction between tip and sample surface induce a frequency shift (∆f) of
the tip resonant frequency, which is detected as an amplitude shift (∆A). AM-AFM was one of
the earlier dynamic mode AFM techniques that was able to reveal information on hydration
forces, e.g. oscillatory forces, beyond that obtained from earlier static mode AFM.
Alternatively, in FM-AFM, the cantilever is oscillated at its resonance frequency (f₀),
where ⌀ is kept at -90° and the detected deflection signal is used to form a self-oscillation

circuit. Due to the self-oscillation circuit, the frequency shift (∆f) of resonant frequency (f₀)
induced by tip-sample interactions is the same as the change of oscillation frequency (f). A
phase-locked loop (PLL) circuit is typically used for ∆f detection as well as excitation signal
control [411]. In addition, oscillating at f₀, FM-AFM has led to increases in operation (force)
stability and force sensitivity [411]. It allows the measurement of both conservative forces such
as electrostatic and van der Waals forces, and dissipative forces, e.g. damping/viscoelasticity.
Especially in liquid, owing to the stability and small amplitude of self-oscillation, FM-AFM
enables the measurement of short-range non-DLVO interactions at solid-liquid interface with
high resolution and sensitivity. With its remarkably high imaging resolution, it allows the
visualisation of the distribution of water molecule and/or ions at solid-liquid interfaces [41273

414]. In the following sections, the focus is on the development of FM-AFM in liquid and
highlights the latest advances in FM-AFM, namely 3D Scanning Force Microscopy (3D-SFM)
which is employed in this thesis.

1.7.3

Development of FM-AFM in Liquid

Typically, an AC voltage is applied to a piezoactuator to excite the FM-AFM cantilever at its
resonance frequency. A self-oscillation circuit is then utilised as a feedback circuit to control
the cantilever excitation frequency with a constant phase at -90°. The acoustic wave generated
by piezoactuator can excite the other coupled components and lead to spurious resonances, i.e.
“forest of peaks”, which introduce phase curve distortion, phase delay and consequently less
stable and accurate imaging and force measurements. Due to the high quality factor Q in
vacuum (Q = 10000-100000), the phase curve distortion and phase decay caused by the
spurious resonances is negligible, as opposed to in liquid, where Q = 1-10. Therefore, for
operation of FM-AFM in liquid, improvements of cantilever excitation to reduce the influence
of spurious resonances are made, including using magnetic excitation [415], photothermal
excitation [416] or improved piezoelectric excitation [417]. In addition, the frequency detectors
using analog [418] and digital PLL circuits [419] designed initially for operation in vacuum
were further modified and improved [420-422] in order to obtain high-resolution images in
liquid. Working as a band-pass filter, the PLL circuit can improve the stability of FM-AFM
operating in liquid, although not necessarily improve the ultimate noise performance.
The position sensitive detector (PSD) can detect thermal noise vibration of the
cantilever, which hinders the performance of FM-AFM. Therefore, low-noise deflection
sensors were developed for this cause by Fukuma et al. [423], who later improved the lownoise optical beam deflection (OBD) sensor for FM-AFM in liquid [417, 424]. A small
oscillation amplitude of cantilever is also necessary to improve the signal-noise-ratio (SNR)
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[425-427] and therefore increase sensitivity, especially for detection of short-range interactions.
For example, the use of a cantilever with a spring constant of 40 N/m and an oscillation
amplitude less than 1 nm, together with the low-noise OBD sensor, allowed images with
molecular and atomic level resolution of various samples in liquid to be obtained [423] [428,
429]. Furthermore, owing to the self-oscillation of the cantilever with amplitude that is smaller
than the size of a single water molecule, the FM-AFM affords very high force sensitivity
sufficient to detect single water molecules within hydration layers [429].
The relationship between ∆f measured by FM-AFM and the force the tip encounters
was firstly proposed mathematically by Gießibl et al. in 2001 [430], Later in 2004, Sader and
Jarvis further simplified and improved the equation [431]. According to Sader et al., regardless
of the oscillation amplitude and the nature of force measured, the frequency shift obtained by
FM-AFM can be calculated into force and energy mathematically [431]. This calculation
method has been experimentally confirmed in liquid, by quantitatively measuring the shortrange structural force originating from ordering octamethylcyclotetrasiloxane (OMCTS) and
water molecules on surfaces [432, 433].
In FM-AFM, while moving vertically above the sample surface, the change in
frequency (∆f), can be recorded as a function of distance to produce a one-dimensional (1D)
frequency shift curve (Figure 1. 24a), which can be used to detect the interaction forces in the
vertical direction. However, the 1D measurement is limited in its ability to define an “absolute
Z position” [434] and provides only 1D information, e.g. a single force measurement. In 2DSFM, with the Z-distance regulated, the information in the lateral direction can be obtained by
scanning the tip in the XY direction (Figure 1. 24b). While scanning the tip both in vertical and
lateral directions, a three-dimensional (3D) map can be obtained (Figure 1. 24c). This approach
in FM-AFM mode forms the basis of 3D-Scanning Force Microscopy (3D-SFM), recently
developed by Fukuma’s group [414, 435-437]. 3D-SFM enables the visualisation of the 3D
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water distribution on a mica surface, with atomic resolution in 53 seconds [414]. 3D-SFM was
utilised in this thesis to probe surface hydration.
Fukuma et al. has further revealed the contrast mechanisms in the force image of surface
hydration structure at a water-calcite interface, by using 3D-SFM operated in pure water,
together with MD simulation. 3D-SFM images visualized both the positions of the Ca2+ and
CO32- ions and the intrinsic hydration layer structure on calcite, which was in good agreement
with the 3D water density and forces obtained from MD simulations of a model AFM tip
approaching the same surface [436]. The study suggested the confinement, overlap and
removal of hydration peaks between the tip apex atom and surface induced the free energy and
force variations during measurement at a short-range, which form the basis for AFM imaging
of hydration structure [436]. Later, 3D-SFM measurements of a fluorite surface in water
showed good agreement with the water density distribution produced by MD simulation and
the force map generated from a solvent tip approximation (STA) model [437]. This study again
confirmed the AFM-based imaging mechanism of hydration structure and demonstrated the
convergence of experimental and simulation theory [437].

Figure 1. 24. The schematic diagram of (a) 1D-SFM (b) 2D-SFM and (c) 3D-SFM. Reproduced from [414].
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1.7.4

Probing Interactions at the Solid-Liquid Interface by

Dynamic AFM
Dynamic AFM, especially FM-AFM based techniques, have been broadly used to probe
surface structures at the solid/liquid interface. This technique is particularly useful at
conducting measurements in aqueous environments, where the water and ion distribution at
solid-liquid interface has been resolved on hydrophilic material surfaces such as mica [438]
[439] [440] [441], calcite [436] [442] [443] and fluoride [437] [444], as well as biological
samples, including lipid bilayers [445] and proteins [446]. In most cases, the force
measurements show oscillatory profiles representing sequential probing of individual water
layers. For example, the 2D frequency shift contrast images using an Si tip on a mica lattice at
different tip-sample distances in 1 mol/L KCl solution were obtained by FM-AFM [438].
Honeycomb-like and dot-like patterns were observed, which were 0.2 nm away from each other,
suggesting the presence of a first and second hydration layer that was in good agreement with
MD simulation [438]. The interfacial structure of lipid bilayers in PBS solution was
investigated by 3D-SFM [445]. The images obtained showed the averaged 3D distribution of
fluctuating headgroups, as well as the mobile water molecules that were shown as an oscillatory
profile, indicating two hydration layers above the lipid surface. By subtracting the long-range
force, the short-range force under 2 nm could be observed to have a much clearer oscillatory
profile [445]. 3D-AFM operated in FM-AFM mode with MD simulation was used to study the
liquid-solid interface in pure water on calcite and dolomite surface [443]. On calcite [CaCO3]
crystal surface, water molecules in the first hydration layer were above calcium ions, while
water molecules in the second layer were located above carbonate sites, forming a laterally and
vertically ordered structure. On dolomite [CaMg(CO3)2] surfaces, a similar pattern was
observed with water molecules in the first hydration layer were located above cations (Ca2+
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and Mg2+). Interestingly, water molecules were located closer to Mg sites in comparison to Ca
sites, indicated an ion specific binding of water molecules, which might be due to the relatively
larger charge density of Mg [443].
The hydration structures were suggested to be related to the hydrophilicity of surfaces,
where force curves on both hydrophilic and hydrophobic surfaces were compared using AFM
operated in FM mode. According to Kaggwa et al., the force curve obtained on the hydrophilic
surface in liquid showed oscillatory profiles, irrespective of whether the tip was hydrophilic or
hydrophobic [447]. On the contrary, on a hydrophobic surface, the force curves showed a
monotonic repulsion or attraction with hydrophilic and hydrophobic tips, respectively. Hence,
the oscillatory profiles were related to the water molecules associated on the hydrophilic
sample surfaces [447]. Later, Yang et al. investigated the differences of interfacial water
orderings of surfaces with different hydrophilicities in water using the 3D-SFM technique,
where mica, graphene and graphene adsorbate surfaces were studied (Figure 1. 25a) [448].
Three distinct frequency shift profiles were observed, comprising 0.2 - 0.3 nm periodical
structures on the hydrophilic mica surface (Figure 1. 25b) compared to larger structures of 0.3
- 0.6 nm on the mildly hydrophobic graphene surface (Figure 1. 25c) [448], both of which were
due to water orderings on surfaces. However, the precise mechanisms for a monotonic
repulsion observed on the adsorbates (Figure 1. 25d) remained unclear.
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Figure 1. 25. (a) Schematic illustration of the surface hydration probing on different surfaces. The frequency shift
curves measured on (b) mica, (c) bare graphene and (d) ordered structures. Reproduced from [448].

With the presence of electrolytes in liquid, especially close to the solid surface, the
significant role of ions at solid-liquid interface cannot be underestimated. Fukuma et al. studied
the adsorption of ions on the fluorite-water interfaces [444]. The observation of an additional
force peak in supersaturated solutions (as opposed to pure water) indicated the adsorption of
cations on the negatively charged fluorite ion sites [444]. Similarly, for mica-liquid interfaces,
the adsorption of ions was determined by comparing the peak value of the attractive force
within the stern layer. In KCl solution, it was suggested that absorbed K+ on the mica was
responsible for the electrostatic force and depletion of water density [439]. FM-AFM was used
to visualise the effect of different ions, including Li+, Na+, Mg2+ and Ca2+, on the micaelectrolyte interface [440]. The obtained images showed the absorbed ions as protrusions,
positioned on the oxygen triads on the mica lattice. More protrusions were observed in
solutions with monovalent ions (Li+ and Na+) in comparison to divalent ions (Mg2+ and Ca2+)
[440]. However, AM-AFM and MD simulation together showed that the single ions in aqueous
solutions (Na+ and Ca2+) cannot directly bond to the calcite surface, due to the presence of
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highly ordered water layers on the calcite surface [442]. The smaller ion Na+ can bind on top
of the first water layer due to its relatively smaller hydration shell, as shown by MD simulation
[442], while Ca2+ stays further away from the surface due to its larger hydration shell. MartinJimenez et al. investigated the relationship between ion concentration and interfacial layers on
mica using AM-AFM [441]. Specifically, at low ionic concentrations (0.01 - 1 M), the obtained
images showed that the hydrated K+ absorbed on mica sites, while water molecules placed in
between K+ forming the first hydration layer, followed by oscillations above, indicating second
and third hydration layers. At higher ionic concentrations (3 - 5 M), the interfacial layer
extended to a few nanometers shown as vertical periodicities, which is a combination of
coordinated cation and anion planes, together with water molecules [441].
In summary, dynamic AFM mode, especially FM-AFM and the latest advance 3D-SFM,
has shed significant light on the reveals of hydration layers on a range of surfaces, including
their forces, spatial distribution and effect of electrolyte ions. In particular, the latest advances
in 3D-SFM have provided unprecedented visualisation of interfacial structures at molecular
level, and hence its application in further studies on understanding the interactions of
biomolecules, surface groups, water and ions at the solid-liquid interface is exciting.
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1.8 Motivation and Aims of Thesis
Fungal adhesion and colonisation on building products making up the external envelope of a
building, has been a problem that causes unwanted deleterious effects on the materials surface
properties, including deterioration of aesthetic appeal and the functionality. For example,
fungal growth can significantly reduce the solar reflectance of a surface and increase the energy
required to cool the internal structure of the building. Restoration of building products affected
by fungi typically involves washing the affected area with 2% Sodium Hypochlorite solution,
where potential contamination to water supply might happen if collecting rainwater. In addition,
the use of commercial fungicides is not recommended due to its unknown influence on the
long-term performance of the building products.
To address the issue of biological fouling on building materials, especially fungal
adhesion and colonisation, a coating system based on silica nanoparticles has been proposed
as a potential antifouling strategy. Herein, it was found that coatings prepared from
commercially

available

colloidal

aqueous

solutions

containing

Glycidoxypropyltrimethoxysilane (GPS) modified silica nanoparticles (SiNP) (Bindzil®
CC301 and Bindzil® CC302) showed excellent antifouling performance against protein
(Figure 1. 26c-e), bacteria (Figure 1. 26f-h), and fungal spores (Figure 1. 26i-k).
Similar to aforementioned MEG-OH studied by Thompson et al. in Section 1.2.5 [350]
[351] [352] [353] [354], GPS consists of both an internal ether oxygen atom and two terminal
hydroxyl groups (Figure 1. 26b). This characteristic was therefore proposed to be responsible
for the antifouling properties of GPS chains, presumably due to the strong affinity with water
molecules and presence of a hydration layer that acts as a barrier to prevent the adhesion of
microbes. This discovery of a short-chain silane with broad ranging antifouling properties
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provides the motivation for this thesis, mainly in understanding the molecular basis of the
hydration and the ability of such hydration to prevent fungal adhesion.

Figure 1. 26. (a) SEM images of the surface and cross section (inset) of a Bindzil® 30/360-modified QCM-D
sensor surface (both scale bars are 100 nm). (b) Schematic of GPS chemical functionality on Bindzil® CC301
and CC302 SiO2 nanoparticles. (c−e) QCM-D measurements of the mass of the proteins bovine serum albumin
(c), fibrinogen (d), and hydrophobin (e) adsorbed to Bindzil® SiO2 nanoparticles modified sensors. (f, g)
Representative images of E. coli adhesion to Bindzil® 30/360 (f) and Bindzil® CC302 (g). (h) Mean number of
E. coli adhered to Bindzil® 30/360, Bindzil® CC301, and Bindzil® CC302 coatings. (i, j) Representative images
and mean numbers (k) of Epicoccum nigrum adhering to Bindzil® 30/360 (i), Bindzil® CC301 and Bindzil®
CC302 (j). All error bars represent 95% confidence intervals around the mean. * represents significant difference
between the indicated sample and all other samples (p < 0.05) [449].

In particular, this thesis has a focus on the use of Atomic Force Microscopy (AFM) to
probe the interfacial structures and forces at the GPS modified surfaces. In doing so, elucidating
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the effect of GPS on the hydration properties would be beneficial in the design of short-chain
hydrophilic chemistries for antifouling applications. Therefore, the aims of the thesis are:
Aim 1: To characterize the nanoscale properties and interaction forces of the GPS-modified
silica nanoparticle coatings. More specifically, the aim is to investigate short-range repulsion
forces using conventional contact (static) mode AFM to elucidate the proposed hydration layer
underlying the antifouling mechanism(s).
Aim 2: To elucidate the interfacial structures above single GPS-modified silica nanoparticles
at a molecular level using 3D-SFM. By employing 3D-SFM, as described in the above Sections
1.3.3, the aim is to characterize the 3D properties and spatial distribution of the hydration layers,
as well as the GPS surface groups. It is noted that through collaboration, the aim is to also
perform all-atom molecular dynamic (MD) simulations to rationalize the 3D-SFM observations
and provide deeper insight into the antifouling mechanisms of the GPS-SiNPs coatings.
Aim 3: To understand the mechanisms by which the fungal spores initially attach to silica
nanoparticles surfaces, including elucidating their molecular interactions with GPS-modified
surfaces that are shown to reduce their adhesion. Toward this aim, the AFM-based technique
Single Cell Force Spectroscopy (SCFS) is employed to quantify the adhesion of single fungal
spores cultured from isolates taken directly from contaminated terrestrial building materials
where fungal colonization was evident.
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Chapter 2: Nanoscale Surface Forces of
Silica Nanoparticle-Based Antifouling
Coatings
2.1 Introduction
Biofouling of surfaces, caused by the adsorption and accumulation of proteins, bacteria, fungi,
marine organisms and other microorganisms, is a growing problem across a range of diverse
industries. The formation of biofilms on surfaces can have considerable adverse effects,
impacting marine equipment [450], medical devices [451], water purification systems [1], food
packing [452] and terrestrial structures [46-48] such as fencing and roofing materials. For
example, the fouling of a ship hull will lead to an increased cost in fuel for propulsion, and the
expense to clean or replace materials and coatings on the hull [20]. The colonisation of bacteria
on medical devices such as biomedical implants, biosensors and carriers for targeted drug
delivery can lead to severe infections [453]. The adsorption of proteins can reduce the
sensitivity of diagnostic sensors, including those used for immunological assays [3]. The
colonisation of microorganisms on membrane surfaces, in particular those used in water
purification systems, can reduce the efficiency of filtration and increase maintenance costs [1].
For food packaging, microbial contamination reduces the shelf life of foods and increases the
risk of food-borne illness [452].
The development of surfaces that can prevent microbial contamination is thus of great
interest across a broad range of industries that suffer from biofouling along with their
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associated detrimental impacts. Commonly used strategies to combat biofouling include:
antimicrobial surfaces that kill microbes by releasing biocides or killing on contact, or
antifouling surfaces that reduce the microbes’ accumulation by preventing their adhesion [119].
Antifouling coatings are generally used due to their lower toxicity and broader range of
potential applications. Coatings prepared from hydrophilic materials have been used to protect
surfaces from biological fouling. These materials have been extensively studied due to their
ability to form an interfacial hydration layer, providing an energetic barrier to prevent the
adhesion of microbes [321]. Long chain polyethylene glycol (PEG) and short chain oligo
(ethylene glycol) (OEG) based surfaces have been commonly used [315, 454-458], as cheap,

nontoxic surface chemistries [459].
Early theoretical studies done by De Gennes and co-workers on protein resistance of
PEG surfaces suggested that a longer polymer chain length and higher grafting density were
important for producing strong steric repulsion to prevent protein binding [320]. Szleifer et al.
suggested that the surface functional density plays a key role in protein resistance, whereas the
different chain lengths of longer PEG and shorter OEG polymers had only a negligible effect
[342, 343]. Thereafter, the Grunze group studied the protein resistance of OEG-terminated
alkanethiol SAMs on gold and silver substrates, suggesting that the conformation of OEG
chains was a key factor [12, 311, 460]. The helical conformation (h-SAM) on gold substrates,
exhibiting greater penetration of water molecules into the SAM, showed protein resistance. In
contrast, the all-trans conformation (t-SAM) on silver substrates, with less water penetration,
showed no protein resistance [12, 311, 460]. Moreover, a series of experimental and simulation
studies investigated the relationship between the antifouling performance of OEG-SAM
surfaces and hydration of OEG chains. The results suggested that within a certain range of
OEG surface density, the extent of surface hydration was higher and correlated to an improved
antifouling performance [310, 348, 461, 462].
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Due to longer-term instability of PEG-based coatings and their related susceptibility to
oxidation in most biochemically relevant solutions, the use of other shorter-chain hydrophilic
chemistries has been proposed [330, 463]. Among these, Thompson and co-workers have
systematically studied the ultra-thin monoethylene glycol (MEG) based adlayers and their
ability to prevent serum adsorption [351, 352]. These studies proposed that the antifouling
performance of a series of SAMs modified on quartz and gold substrate against serum was
determined by their surface hydration, among which MEG-OH demonstrated the highest serum
resistance. Specifically, the presence of both the internal single oxygen atom and distal
hydroxyl group on MEG-OH chains correlated to stronger binding of the hydration layer
through hydrogen bonding, and therefore better antifouling performance [351, 352]. Neutron
Reflectometry studies confirmed the importance of the internal ether oxygen atoms by
comparing the water structure of MEG-OH and OTS-OH (lacking internal oxygen atoms)
adlayers modified on Si/SiO2 surfaces. A thick, continuous water structure was present on the
MEG-OH surface, whereas a much thinner hydration layer existed on the OTS-OH surface
which is interfacial in nature [353]. Molecular Dynamics (MD) simulation suggested the
importance of having both internal and interfacial hydrophilicity and kosmotropicity (the
ability to structure water at the molecular level). For the MEG-OH adlayers to achieve high
protein resistance, it was proposed that the hydration layer also needed to be tightly bound,
with limited lability and mobility [354].
More recently, we have demonstrated the use of commercially available silica
nanoparticles (SiNP) modified with the short-chain silane, glycidoxypropyltrimethoxysilane
(GPS), to produce antifouling coatings. Spin coating aqueous dispersions of the GPS-SiNP
(diameter ~ 7 nm) produced uniform coatings, which demonstrated ultra-low and broad ranging
antifouling properties when tested against proteins, bacteria and fungal spores, as described in
Chapter 1 (Figure 1. 26). The GPS molecule, comprising both an internal ether oxygen atom
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and terminal vicinal diol group (two hydroxyl groups attached to adjacent atoms), has a
chemical structure similar to MEG-OH. It was proposed that GPS (like MEG-OH) would have
a strong affinity with water molecules, forming a hydration barrier and thus preventing the
adhesion of the protein and microbes.
This chapter has an aim to better understand the antifouling mechanism(s) of the GPSSiNP coatings, especially the proposed hydration layer, by applying Atomic Force Microscopy
(AFM) to measure the surface forces and interactions. Over more than a decade, there has been
numerous AFM studies intent on understanding the forces associated with surface hydration.
AFM silicon nitride (Si3N4) tips were used to measure the interactions on mica in the presence
of high MgCl2 concentrations (> 3 M) whereby the observation of short-range repulsive forces
were attributed to hydration forces [379]. With the introduction of AFM colloidal probes, the
short-range repulsive forces could be further evaluated using theoretical models [379, 387, 388].
Many other AFM studies have also probed the short-range repulsion on various silica-based
surfaces [380, 382-385].
Specifically the commercially available SiNPs with GPS functionalisation (supplied by
AkzoNobel) were investigated, which was referred to as GPS-SiNPs. The GPS-SiNPs are
provided with two different GPS surface densities, a high (Bindzil® CC302) and low (Bindzil®
CC301) density, referred to as High-GPS-SiNP and Low-GPS-SiNP. The SiNP without the
GPS functionalisation (Bindzil® 30/360) is also investigated and referred to as Unmodified
SiNP. All SiNPs were prepared as thin-films using spin coating. In addition to undertaking
various characterization, including: Thermogravimetric Analysis (TGA), Dynamic Light
Scattering (DLS, Malvern Zetasizer) and SEM, the AFM force measurements were undertaken
in NaCl solution as a function of salt concentration and pH. Specifically, the force
measurements were undertaken in static mode (contact mode) using standard, silicon nitride
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(Si3N4) AFM tips with effective tip radius of 5 - 10 nm to enable probing of highly localized,
surface interactions associated with single nanoparticles within the coatings.
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2.2 Methods
2.2.1

Materials

Three commercially available aqueous SiNP dispersions were used in this study. Bindzil®
30/360 (30 wt%), Bindzil® CC301 (30 wt%) and Bindzil® CC302 (30 wt%) colloidal SiNP
dispersions were all sourced from AkzoNobel, Amsterdam, Netherlands. Sodium Chloride
(Sigma, ≥ 99.5%), Sodium Hydroxide (Sigma, ≥ 98%), and Hydrochloric Acid solution (Ajax
FineChem, 32%) were used to make aqueous solutions for the AFM experiments. Water used
in experiments and to prepare aqueous solutions was purified using a Millipore water
purification system, with a minimum resistivity of 18.2 MΩ cm at 25 °C. Polyethyleneimine
(PEI, 50% (w/v) in H2O) used for making the coatings was purchased from Sigma Aldrich.

2.2.2

Preparation of Nanoparticle Coatings

SiNP coatings were deposited onto glass coverslips (diameter of 18 mm) using spin coating.
Prior to spin coating, the glass coverslips were cleaned with ethanol, followed by rinsing with
deionized water and drying under nitrogen gas. The cleaned coverslips were then placed into a
Bioforce Nanosciences UV/Ozone Procleaner for 20 min. Thereafter, the coverslips were
rinsed with deionized water, and incubated in a 0.33 wt% (PEI) solution for 5 min, then rinsed
thoroughly with deionized water, and dried in nitrogen gas. The SiNP coatings were spincoated twice onto the PEI treated coverslips by depositing 100 µl of a 6 wt% aqueous dispersion
of the relevant Bindzil® SiNPs at 7000 rpm for 30 seconds. The samples were then incubated
in an oven for 1 hour at 120 °C, followed by thorough rinsing with deionized water, and drying
under a stream of nitrogen gas.
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2.2.3

Zeta Potential and Dynamic Light Scattering

Zeta potential and z-average particle size (hydrodynamic particle diameter) measurements
were performed on 0.5 wt% SiNP dispersions in Milli-Q water using a Malvern Zetasizer
Nano-ZS at 25°C (colloidal silica refractive index: 1.50, absorption: 0.010, measurement angle:
173°) with addition of 1 mM, 100 mM, 500 mM and 1 M NaCl, to determine the effect of NaCl
concentration. Measurements to study the influence of pH were undertaken (pH 3, 6 and 11),
with all solutions containing 10 mM NaCl along with 0.5 wt% of the relevant SiNPs. Triplicate
measurements were performed for each nanoparticle sample under each liquid condition.

2.2.4

Thermogravimetric Analysis

The degree of surface functionalisation of the various Bindzil® particles was determined using
thermogravimetric analysis (TA, Q500). An undiluted aqueous dispersion of Bindzil® SiO2
nanoparticles was first frozen and then dried in a freeze-dryer (Alpha 2-4 LD Plus, Christ,
Germany) to remove all water. Dried particles were then heated from room temperature to
800 °C at a rate of 10 °C/min under a nitrogen atmosphere. The mass of surface bound polymer
on the particle surface was determined from the weight loss measured between 200 and 800 °C.
The remaining mass at 800 °C was presumed to be that of the bare silica nanoparticles

2.2.5

Contact Angle Goniometry

A Dataphysics Contact Angle System (OCA 15EC) in conjunction with SCA20 software was
used to measure the static contact angle made by a 2 µL sessile water droplet on the sample
surfaces. Triplicate measurements were performed on each individual sample, with a minimum
of three samples for each type of SiNPs coating.

2.2.6

Scanning Electron Microscopy (SEM)
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Field Emission Scanning Electron Microscopy (FE-SEM) (JOEL JSM-7500FA) was used for
imaging SiNP coatings that were prepared onto glass coverslips, as described previously.
Afterwards, the coverslip was broken into small pieces and glued onto a SEM specimen holder
using silver paint, and sputter coated with a 2.5 nm thick platinum layer. SEM imaging was
performed using an accelerating voltage of 5.0 kV and emission current of 10 mA.

2.2.7

Atomic Force Microscopy

2.2.7.1

Imaging

SiNP coatings were imaged using a Park Bio-XE Atomic Force Microscopy (AFM) System
(Park Systems, Korea). 4 x 4 μm images were obtained in tapping mode at a scan rate of 0.5
Hz in air, with Budget Sensors Tap300Al-G cantilevers (resonance frequency ~ 300 KHz,
spring constant ~ 40 N/m). Gwyddion 2.40 software was used for image analysis to calculate
the surface area and roughness.

2.2.7.2

Force Measurements

Force measurements on the SiNP coatings were performed using an MFP-3D AFM (Asylum
Research, Santa Barbara, USA) with DNP-S10 silicon nitride (Si3N4) cantilevers (Bruker,
USA). Each cantilever was only used for the force measurements on one group of two samples
that include an Unmodified SiNPs coating and a High-GPS-SiNPs coating. The force
measurements were performed as a function of NaCl concentration (with a sequence of 1 mM,
10 mM, 100 mM and 1 M NaCl) with the pH maintained at 5.6. Experiments were also
undertaken at different pH (with a sequence of pH 3, 6 and 11) in 10 mM NaCl. For each
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condition, the force measurements started on an Unmodified SiNPs coating and then a HighGPS-SiNPs coating.
The spring constant of each cantilever was calibrated using the thermal noise method [464] on
a glass coverslip in air. Coverslips with SiNP coatings were fixed on a glass slide and 0.5 mL
of liquid was added to fully cover the sample surface, then the AFM tip was approached to the
sample surface and the system was left to equilibrate for 20 min. The cantilever deflection
sensitivity was remeasured every time if the sample or liquid condition were changed, and then
force measurements were performed with a trigger force of 500 pN, scan rate of 0.5 Hz and Zdistance of 30 nm. For each liquid condition, a minimum of 5 force curves were taken at 5 - 10
XY positions on one sample (i.e. total of 25 - 50 curves). Measurements were repeated on at
least six samples for the Unmodified SiNP and High-GPS-SiNP coatings, giving a total of 150
- 300 curves under each condition.
Asylum Research software (Igor Pro, Wavemetrics) was used for processing and analysing
forces curves. Raw curves were converted to force versus separation, i.e. where zero separation
represents the tip-sample contact. For analysis, the approach curves (in red) were used to
quantify the maximum force and length of either the repulsive or attractive interactions. An
example of this analysis is shown in Figure 2. 1, where one of the force profiles is attractive
with a force magnitude and length as -150 pN and 4.5 nm (Figure 2. 1a) and another that is
repulsive with force magnitude and length as 207 pN and 9.1 nm (Figure 2. 1b).

Figure 2. 1. Examples of force curves and the data analysis.
92

2.3 Results
2.3.1 GPS Density and Nanoparticle Size
As shown in Figure 2. 2, the previous TGA studies showed that the GPS grafting density of
Bindzil® CC301 (Low-GPS-SiNP) and Bindzil® CC302 (High-GPS-SiNP) were calculated as
0.8 and 1.52 groups/nm2, respectively [449]. Giving that the reported number of silanol groups
on a fully hydrolysed silica surface is 4.9 groups/nm2 [465], it is expected that unfunctionalised,
free sites are still present on both the Low-GPS-SiNP and High-GPS-SiNP.

Figure 2. 2. TGA data (percentage weight loss vs temperature) for Bindzil® 30/360, Bindzil® CC301 and
Bindzil® CC302.

The manufacturer specifies that dried particle size of all three SiNPs was 7 nm in
diameter [466-468]. The Z-averaged particle size measured from the original manufactured
solutions using Dynamic Light Scattering (DLS, Malvern Zetasizer) was 27.02 nm and 19.03
nm for Low-GPS-SiNP and High-GPS-SiNP, respectively [469-471]. In this work, DLS
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(Malvern Zetasizer) measurements as a function of NaCl concentration gave values of ~ 20.5
nm for High-GPS-SiNP (Figure 2. 2a). In contrast, the Unmodified SiNP size showed an initial
slight increase in size from ~ 21 to ~ 23 nm with increasing salt concentration (water → 1mM
→ 100 mM NaCl), followed by a dramatic increase to ~ 28 nm at 500 mM (Figure 2. 2a),
suggesting possible aggregation effects of the Unmodified SiNP due to charge screening in
solution. DLS measurements in solutions of different pH (at 10 mM NaCl) gave particle size
values of ~ 18.5 nm for High-GPS-SiNP. Unmodified SiNPs again gave slightly larger values
of ~ 22 nm, which did not significantly change with pH (Figure 2. 2b, One-Way ANOVA, p >
0.05). Appendix Table A1 summarises the properties of the three SiNPs with values reported
by the manufacturer, previous literatures, as well as from this study.

Figure 2. 3. Hydrodynamic size results (mean ± SD) of Unmodified SiNPs and High-GPS-SiNPs as a function
of (a) NaCl concentration in pH = 5.6 aqueous solution and (b) pH in 10 mM NaCl.

2.3.2 Zeta Potential
Charge regulation of the two SiNPs was compared by changing the ionic strength (NaCl
concentration) and pH of the SiNP dispersions. Figure 2. 3 shows that the zeta potential values
of the two SiNPs were negative under the different solution conditions. The absolute zeta
94

potential values of both Unmodified and High-GPS-SiNPs decreased with increasing NaCl
concentration (Figure 2. 3a), as expected due to screening of the electrical double layer [472,
473]. Under different salt concentrations, the Unmodified SiNPs showed the larger negative
values, ranging from -15 mV to -32 mV, and the High-GPS-SiNPs showed smaller values
ranging from -7 mV to -23 mV (Figure 2. 3b). This result was consistent with the findings of a
previous study, where zeta potential values of SiNPs with diameter of 21 nm were significantly
more negative in pure water ( ~ -63 mV to -37 mV) in comparison to 100 mM NaCl (~ -44
mV to -13 mV) regardless of pH [474].
Because of the high ionic conductivity at 1M NaCl, zeta potential values could not be
obtained due to the limitations of the instrument. Despite this, the Unmodified SiNP dispersions
were qualitatively observed to become cloudy on addition of 1 M NaCl, indicating dispersion
instability. This result was consistent with the significant increase in particle size observed
upon addition of 500 mM NaCl in Figure 2. 3a. In contrast, the High-GPS-SiNP dispersions
were clear, indicating the dispersion remained stable at high salt concentration.
Zeta potential measurements as a function of pH confirmed an increase in the absolute
values (more negative) with increasing pH (Figure 2. 3b) due to the known pH-dependent
protonation/deprotonation of silanol surface groups, as demonstrated previously by several
studies on SiNPs [474-479]. Negative surface charge acquired by silica surfaces in contact with
water originates from dissociation of silanol groups [480], with an isoelectric point (IEP)
reported in the range of 1.7-3.5 [480-482]. The addition of protons into solution (decreasing
pH) drives the protonation process, leading to a relatively smaller zeta potential.
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Figure 2. 4. Zeta potential results (mean ± SD) of Unmodified SiNPs and High-GPS-SiNPs as a function of (a)
NaCl concentration in pH = 5.6 aqueous solution and (b) pH in 10 mM NaCl.

2.3.3 Surface Properties of Nanoparticle Coatings
Images of the SiNPs coatings obtained by SEM (Figure 2.4 a and b) and AFM (Fig. 2.4 c and
d) both showed uniform, smooth coatings of the Unmodified SiNP and High-GPS-SiNP
(Figure 2. 4), with surface roughness of 0.94 ± 0.04 nm and 0.98 ± 0.09 nm, respectively, as
quantified by AFM analysis. Contact angle measurements gave values of 8.8° ± 1.4° and 23.5°
± 1.0° for Unmodified SiNP and High-GPS-SiNP, respectively, emphasizing their hydrophilic
surface properties. Despite the expected greater prevalence of –OH groups on High-GPS-SiNP
(i.e. due to the two –OH of the vicinal diol group), its relatively larger contact angle may be
due to contributions from the carbon backbone of the GPS groups.
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Figure 2. 5. SEM images of (a) Unmodified SiNPs and (b) High-GPS-SiNPs coated surfaces. AFM topography
images of (c) Unmodified SiNPs and (d) High-GPS-SiNPs coated surfaces with representative line profiles,
surface roughness shown as mean ± SD.

2.3.4 AFM Force Measurements
2.3.4.1 Effect of NaCl Concentration
Under the low salt condition (1 mM NaCl), two main types of force curve profiles were
observed for the interaction between the Si3N4 tip and both Unmodified SiNP and High-GPSSiNP coatings (Figure 2. 5 a and b). Type 1 consisted of a pure repulsive interaction (Figure 2.
5a). Type 2 showed a similar repulsion but with attraction also occurring at a much shorter
range (~ 2 nm) (Figure 2. 5b). Figure 2. 5c showed that Type 1 curves were the most prevalent
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compared to Type 2 on both Unmodified SiNP and High-GPS-SiNP. 94.5% of force curves
collected on High-GPS-SiNP coatings presented a Type 1 interaction, compared to 65.8% of
curves collected on Unmodified SiNP coatings.

Figure 2. 6. Typical force profiles and distributions under low salt concentration condition (1 mM NaCl).

In medium and high salt concentration solutions (100 mM, 500 mM and 1 M NaCl);
the force curve profiles were significantly different to those measured at low salt condition, as
evident in the absence of long-range repulsion (Figure 2. 6a-c). The force curves exhibited
variation comprising two main types, which were either purely attractive (indicated as negative
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force values) (Figure 2. 6a) or repulsive (Figure 2. 6b and 6c). For the repulsive interactions,
the curves were observed to either comprise a short-range repulsion (Figure 2. 6c), or those
where the short-range repulsion was negligible, i.e. purely tip-sample contact (Figure 2. 6b).
The percentage of curves with attractive profiles as a function of NaCl concentration is shown
in Figure 2. 6d. Under all salt concentrations, the Unmodified SiNP showed a significantly
greater percentage of attractive profiles compared to the High-GPS-SiNP (Figure 2. 6d).
Specifically, for Unmodified SiNP, the percentage of attractive profiles increased with
increasing salt concentration, with values of 48.1% (100 mM), 70.4% (500 mM) and 86.4% (1
M). In contrast, the High-GPS-SiNP showed the percentage of attractive profiles remained
similar (between 25% and 35%) when the NaCl concentration was increased. Alternatively,
these lower percentages of attractive events indicate a greater prevalence of repulsion for the
High-GPS-SiNP, which appears to show less influence from the presence of salt.

Figure 2. 7. (a-c) Representative force profiles and (d) distributions of the two surfaces in medium and high
concentration salt conditions (100 mM, 500 mM and 1 M NaCl). (a) Purely attractive profile; (b) Purely tip-sample
contact; (c) Purely repulsive profile.
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The effect of NaCl concentration is examined in more detail in Figure 2. 7. For both the
Unmodified SiNP (Figure 2.7a) and High-GPS-SiNP (Figure 2.7b), longer-range repulsion was
clearly evident at 1 mM NaCl, although this effect significantly diminished with increasing salt
concentration. Additionally, the influence of salt on High-GPS-SiNPs coatings was far less
pronounced. The main difference between the Unmodified SiNP and High-GPS-SiNP was that
at higher salt concentrations of 500mM and 1M, the forces became slightly attractive for the
Unmodified SiNP (Figure 2. 7a) whereas a short-range repulsion persisted for the High-GPSSiNP (Figure 2. 7b). In these measurements (pH ~ 5.6), giving the evidence that SiNPs are
negatively charged from previous zeta potential study, the predominance of repulsion in 1mM
NaCl diminished at higher salt might be due to the presence of electrostatic repulsion,
suggesting a negatively charged Si3N4 tip.
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Figure 2. 8. Representative force profiles of (a) Unmodified SiNP and (b) High- GPS-SiNP coating surfaces; (c)
The averaged force magnitude and length of two surfaces as a function of NaCl concentration (pH = 5.6), the
error bar represented for the standard error of mean.

Quantitative analysis of the force magnitude and length in either the attractive or the
repulsive regimes, as depicted in Figure 2. 1 (methods section), is given in Figure 2. 7c and
confirmed the qualitative observations of the different force curve profiles as a function of
NaCl concentration. At low 1 mM NaCl, both surfaces showed the highest repulsive forces of
between 125 pN - 150 pN, consisting of longer-range interactions of 5 - 10 nm (Figure 2. 7c).
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The addition of 100 mM NaCl caused a significant decrease in the repulsive forces to < ~ 25
pN (One-Way ANOVA, p < 0.05). In addition to the force, their interaction lengths also
significantly decreased to ~ 2.5 nm at 100 mM NaCl (One-Way ANOVA, p < 0.05), and
remained relatively constant at the higher salt concentrations of 500 mM and 1 M NaCl (Figure
2. 7c). Interestingly at these higher salt concentrations, the Unmodified SiNPs coatings were
observed to be increasingly attractive, with average values of -31.36 ± 1.79 pN and -50.71 ±
2.10 pN for 500 mM and 1M, respectively (mean ± SE). In contrast, the High-GPS-SiNP
remained in the repulsive regime, with the forces, 17.46 ± 2.17 pN and 22.6 ± 2.19 pN for 500
mM and 1M, respectively (mean ± SE), showing a slight increase in repulsion with increasing
salt concentration. Therefore, despite variations in the type and magnitude of the force curve
profiles, a short-range repulsion generally persisted on the High-GPS-SiNP while the
Unmodified SiNP became increasingly attractive with increasing NaCl concentration.

2.3.4.2 Effect of pH
Figure 2. 8 shows the pH dependence of the force curve profiles, including analysis of the
attractive/repulsive force magnitude and interaction length. For both Unmodified SiNP and
High-GPS-SiNP, the magnitude and range of repulsion increased with increasing pH, as
expected due to deprotonation of silanol groups on the silica surface and in agreement with the
Zeta potential measurements in Figure 2. 3b. At pH 6 and 11 in 10 mM NaCl (with calculated
Debye length of ~ 3 nm), the EDL repulsion was clearly evident for both types of SiNPs (Figure
2. 8 a and b). This observation further supported that both the Si3N4 tip and SiNPs were
negatively charged under the solution conditions. At pH 3, the surface charge was effectively
diminished, leading to minimization of the EDL repulsion (Figure 2. 8a and b). Similar to the
effect of increasing salt concentration, reducing pH induced a small attraction on the
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Unmodified SiNP (Figure 2. 8a), while the High-GPS-SiNP interaction remained repulsive
(Figure 2. 8b).

Figure 2. 9. Representative force profiles of (a) Unmodified SiNPs and (b) High-GPS-SiNPs coating surfaces;
(c) The averaged force magnitude and length of two surfaces as a function of pH (NaCl concentration: 10 mM),
the error bar represented for the standard error of mean.

Quantitative analysis of the force curves confirmed the significantly higher repulsive
forces at pH 11 (350 ~ 450 pN) and pH 6 (~ 175 pN) followed by pH 3 (-75 pN ~ 50 pN)
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(Figure 2. 8c, Table A. 3 and Table A. 4, One-Way ANOVA, p < 0.05). This result agreed with
the effect of pH in the Zeta potential measurements. While the surface charge and extent of the
repulsion is minimized at pH 3, the measured average forces of -37.20 ± 2.71 pN (mean ± SE)
for Unmodified SiNPs indicated a shift to an attractive regime, while forces of 25.31 ± 4.89
pN (mean ± SE) for High-GPS-SiNPs indicated that they remained in the repulsive regime.
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2.4 Discussion
The force curves measured with the Si3N4 tip on the Unmodified SiNP and High-GPS-SiNP
surfaces showed significant heterogeneity in their force profiles and magnitudes, even across
the same surface, i.e. force curves were collected at several locations on the same sample for
analysis. This is in contrast to conventional colloidal-probe AFM force measurements where
the interaction profile is typically highly reversible, i.e. the approach and retraction curves
superimpose, and reproducible results are obtained when using several probes and sample
surfaces. This is made possible by having very well defined and reproducible tip geometry, i.e.
micron-size silica colloid, and especially when using smooth, polished or atomically flat
substrates such as silicon wafer, quartz, or cleaved mica surface [480, 483-486]. In addition,
due to the relatively large, well-defined contact area/geometry of the colloidal probe, there is
an increased sensitivity to the interaction forces, enabling comparison with theoretical models
such as DLVO [400].
In contrast, by virtue of using a nano-sized Si3N4 tip to enable detection of piconewton
forces with high spatial resolution, there is a propensity for increased sensitivity to lateral
variations in the tip-sample interactions [487]. Several studies have measured the interactions
between a Si3N4 tip and various surfaces such as mica and alumina [383], talc and muscovite
[400], silica tetrahedral face and the alumina octahedral face of kaolinite [488]. In some of
these studies, the AFM tip geometry has been approximated by a combination of spherical and
conical shapes [400, 488]. A study has shown that the interaction measured between a Si3N4
tip, and 10 nm SiNPs and 5 - 80 nm alumina NPs surfaces showed significant variation
depending on the surface morphology [383]. For an interaction between the tip and single
nanoparticle that was smaller than the tip diameter, the long-range electrostatic force from the
oppositely charged substrates could not be ignored [383]. For interactions with packed particles,
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i.e. clusters or aggregates, the tip could physically displace or penetrate the nanoparticle surface,
which was observed as a step-wise profile in the force curves [383]. Whilst without the
observation of structural forces associated with displacement of nanoparticles, indicating their
sufficient immobilisation within the coating, a significant heterogeneity in the profile and
magnitude of the short-range forces, i.e. repulsive and attractive, was clearly evident in this
study. It was proposed that the latter could originate from not only variations in the tip geometry
and size but also the increased sensitivity to highly localized variations in surface topography,
such as the tip being located directly above or in between nanoparticles, and/or variation in
nanoparticle size, surface charge and chemical functional groups. Hence, 380 - 680 force
curves were collected across the Unmodified SiNP and High-GPS-SiNP coatings under each
solution condition, which enabled a statistical analysis of the tip-sample interactions.
The existence of short-range repulsion on both the Unmodified SiNP and High-GPSSiNP based coatings indicates a deviation from DLVO theory. Even with the occurrence of
mainly attraction on the Unmodified SiNP, there is still a discrepancy with interaction forces
that would be predicted from DLVO theory. These findings are generally consistent with
numerous studies demonstrating non-DLVO forces, i.e. the short-range repulsion, on silicabased surfaces [379, 386, 392, 489-492]. For example, the interfacial force between a silica
colloidal probe and flat silica surface in 1M NaCl showed strong repulsion at very short-range
(< 2 nm) under different pH (3, 5, 7 and 9), which was attributed to surface hydration [380].
For the interaction between a silica spherical particle (D ~ 2.9 µm) and piranha-etched glass
surface in water, the forces showed agreement with DLVO at larger separation distances but
failed to explain the far stronger repulsion at distances < 10 nm that was again attributed to the
presence of a hydration layer [382]. Guleryuz et al. probed the interaction between a spherical
silica particle (D ~ 500 nm) and oxidized silica surface at pH = 2 in 1 mM NaCl solution [384].
Upon approach, the two surfaces were firstly attractive, i.e. due to vdW, and then exhibited
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short-range repulsion at 1 nm separation distance. The short-range repulsion was fitted by an
exponential decay function and proposed to be either related to surface hydration, or steric
forces imposed by the chains of –Si(OH)2–O–Si–(OH)2–OH groups [384].
Similarly to the aforementioned studies using colloidal probes, the force between a
Si3N4 tip and silica wafer surface was measured in 10 mM NaCl across a range of pH (3, 6, 9
and 11) [385]. DLVO fitting using the constant charge density model, however, showed a
discrepancy with the experimental forces at separation distances < 5 nm, suggesting the
presence of hydration repulsion [385]. A hydration shell on macroscopic hydrophilic surfaces
is purportedly 1 – 3 nm thick [373]. Specifically for nanoparticles, their high curvature may
have geometrical constraints that affect the hydration shell [493]. A study investigating the
hydration shell thickness of clustered SiNPs (~ 10 nm) using AFM found that one layer of
water molecules was strongly associated to a single SiNP or ~ 2 layers were present in between
particles [383]. As these non-DLVO forces, typically hydration or steric forces (and
hydrophobic but not relevant in this case), appear as a short-range repulsion, they are difficult
to qualitatively separate out from these types of force measurements. Nevertheless, our
statistical analysis presented in Figure 2. 7c and Figure 2. 8c showing predominately repulsive
behaviour, with higher forces for High-GPS-SiNP coatings on average, suggests a difference
in the properties of hydration or steric components, i.e. presumably due to contributions from
the GPS chains in the case of High-GPS-SiNP versus the silanol groups of Unmodified SiNP.
Historically, polyethylene glycol (PEG) and oligoethylene glycol (OEG) polymers [315,
457, 458] and OEG-SAMs [341, 494] demonstrate low fouling properties. The low fouling
mechanisms have been explained by hydration forces that are attributed to bonding of water
molecules to hydroxyl groups and ether oxygen of OEG/PEG [344, 353], or steric forces [320,
495] which are due to confinement of the polymer chains, or both [349, 496]. For short-chain
hydrophilic silanes like MEG-OH, it has been shown that the internal oxygen and distal
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hydroxyl moiety likely work together to form an intermolecular hydration zone [351], leading
to longer-range, stronger hydration forces and significant antifouling properties amongst other
types of MEG-SAMs [352].
Whilst GPS has a similar chemical structure to MEG, i.e. ether oxygen and hydroxyl
groups, only recently its excellent antifouling properties were reported and yet the underlying
mechanisms have not been studied. Recently, MD simulations on combinations of GPS (C6)
and fluorinated chains (C4-C6) on a silica surface, with an overall grafting density of 3.0
chains/nm2, have investigated the interfacial water and its role in protein interactions, namely
hydrophobin EAS [497]. It was found that the water molecules on GPS chains were more
tightly bound than on fluorinated chains, which is due to the presence of the hydroxyl groups
of GPS acting as either hydrogen bond donors or acceptors. However, there was no significant
structuring of interfacial water on the GPS, indicating that the high mobility of these chains
can perturb the formation of stable water structures. The silica surfaces functionalized with the
relatively long chain GPS (C6) and short hydrophobic fluorinated chain (C4) showed minimal
protein interactions due to the high chain dynamics arising from the brush-like structure [497].
Specifically, the long chain GPS hydrophilic chains remained flexible, while the short
hydrophobic chain acted as the spacer to ensure the GPS had sufficient conformational freedom
to enable dynamic chain motion to “sweep” the protein away. Therefore, a surface consisting
of highly mobile chains associated with dynamic interfacial hydration was proposed to
effectively increase the entropic penalty by a more pronounced loss of conformational freedom
upon protein adsorption, therefore significantly reducing protein adsorption [497].
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2.5 Conclusion
AFM static force measurements were undertaken using a Si3N4 tip, to directly probe
the interaction forces of nanoparticle coatings as a function of NaCl concentration and pH.
Using a nano-sized Si3N4 tip increased sensitivity to lateral variations in the tip-nanoparticle
interactions was evident in the force curve analysis. Thus, statistical analysis approaches for
interpreting the data were found to be very important for these types of tip-sample systems. A
short-range (< 2 nm) repulsive force, which deviated from DLVO theory irrespective of the
NaCl concentration and pH, existed on both the Unmodified SiNP and High-GPS-SiNP
surfaces. The presence of this short-range repulsive force suggests mechanisms involving
hydration and/or steric forces, though the exact contribution from these non-DLVO forces
cannot be unequivocally determined from the force curves. Despite this, it was observed that
the High-GPS-SiNP coatings, on average, showed a greater occurrence and magnitude of the
short-range repulsive force, particularly at high salt concentration and low pH, compared to the
Unmodified SiNP. These findings indicate a difference in the properties of their hydration or
steric components, which is likely due to contributions from the GPS chains of High-GPSSiNP compared with the silanol groups of Unmodified SiNP. In addition, based on MD
simulations as described above [497] and other studies on other OEG and MEG systems with
similar chemical characteristics [351] [352], the GPS chain dynamics combined with their
internal oxygen and two hydroxyl moieties are suggested to be responsible for the observed
short-range repulsion, which more strongly persist under all solution conditions.
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Chapter 3: Visualisation of 3D
Interfacial Structures of Silica
Nanoparticle-Based Antifouling
Coatings at Molecular Level
3.1 Introduction
Hydrophilic polymers designed to strongly bind water have been extensively studied as an
effective surface layer or coating to prevent biofouling through the formation of a steric and
energetic barrier to biomolecular adsorption [321]. These systems include polyethylene glycol
(PEG) that engages in hydrogen bonding with water via the ether oxygen, and zwitterion based
chemistries that bind water more strongly via an ionic solvation mechanism. Experimental
approaches have confirmed the presence of hydration layers associated with hydrophilic
polymer-based surfaces [321] yet the fundamental mechanisms underlying their capacity to
inhibit surface fouling and how such hydration layers differ from equally hydrophilic interfaces
that do not prevent surface fouling is still unclear. Furthermore, there have been no detailed
experimental studies that have adequately elucidated the 2- and 3-dimensional structural
organisation and properties of hydration layers on low fouling hydrophilic surfaces. In the
absence of detailed molecular-level experimental data, all-atom classical molecular dynamic
(MD) simulations have been employed to provide an insight into water structure on surfaces
with experimentally unachievable atomistic resolution [498]. To bridge this length scale gap,
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advances in experimental tools are required to converge with all atom modelling and resolve
the 2D and 3D network water structure and dynamics with molecular resolution.
Therefore in this chapter, an emerging technique based on Frequency ModulationAtomic Force Microscopy (FM-AFM), referred to as 3D-Scanning Force Microscopy (3DSFM) [414, 435], was applied to directly resolve the 3D interfacial water structure
encapsulating the surface of single nanoparticles functionalised with both the high and lowdensity glycidoxypropyltrimethoxysilane (GPS) chemistries described in the previous Chapter
2. FM-AFM operates by oscillating a cantilever tip with an amplitude of the order of
nanometers, sensing atomic and molecular forces as it moves in the Z-direction very close to
the substrate surface [499]. Recently developed by Fukuma et al., [414, 435-437] 3D-SFM
uses oscillation amplitudes of 1 - 2 Å to build up a 2D array of these measurements that
generates 3D images of the spatial distribution of ions and structured water networks, including
their forces and energies, within approximately 2 nm from the surface. By oscillating the
cantilever at a small amplitude (1 − 2 Å), the tip front atom can stay in the short-range
interaction regime for a longer time during an oscillation period, whereas the long-range
interaction forces are negligible in comparison. Therefore, by using small oscillation
amplitudes, the sensitivity to the short-range interaction force is significantly enhanced, leading
to higher spatial resolution. Especially for hydration structures, studies have visualised them
adjacent to various surfaces such as mica [414, 438, 441] and the (1014) surface of calcite
(CaCO3) [436], and biological samples, including lipid headgroups [445] and protein [500].
Importantly, the FM-AFM technique can overcome limitations associated with the
static AFM measurements used in the previous Chapter 2. Particularly due to the instability of
static force measurements (contact mode), the AFM cantilever can encounter short-range
attractive forces, leading to a “jump-to-contact” effect [407], that prevents detection of other
interaction forces such as hydration and oscillatory forces. In addition, the use of low spring
111

constant cantilevers (~ 0.06 N/m) increases thermal noise during measurements that may also
limit the detection sensitivity [501]. Dynamic measurement techniques, such as FM-AFM,
avoid the “jump-to-contact” and reduce thermal noise by using stiffer cantilevers (spring
constant ~ 40 N/m) whilst importantly maintaining a very high force sensitivity [407].
Thus, it is proposed that the 3D-SFM will provide significantly higher force sensitivity
to reveal hydration structural forces that may exist within < ~ 2nm from the Unmodified SiNP
and High-GPS-SiNP surfaces, i.e. within the short-range repulsion observed in the static force
measurements in Chapter 2. Furthermore, this will enable further investigation of the origin of
the short-range repulsive forces, as well as attempting to make correlations with the spatially
resolved, sub-nanometer hydration structures obtained from 3D-SFM imaging.

In

collaboration with the research group of Professor Irene Yarovsky (RMIT, Melbourne,
Australia), all-atom molecular dynamic (MD) simulations were also performed to provide a
molecular-level rational to the 3D-SFM experiments. By combining the experimental
measurement and MD Simulation, Chapter 3 aimed to understand the differences in the shortrange repulsive force of the Unmodified SiNP and High-GPS-SiNP, including the mechanism(s)
and role of the GPS chains underlying its excellent antifouling properties.
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3.2 Methods
3.2.1 Sample Preparation
SiO2 nanoparticle films were fabricated onto cover slips with the diameter as 12 mm. Prior to
coating, the glass cover slips were cleaned with ethanol, followed by rinsing with deionized
water and drying under nitrogen gas. The cleaned cover slips were then placed into a Bioforce
Nanosciences UV/Ozone Procleaner for 20 min. Thereafter, the cover slips were incubated in
0.33 wt% polyethyleneimine (PEI) solution for 5 min then rinsed thoroughly with deionized
water and dried in nitrogen gas. The nanoparticle films were spin-coated twice onto the treated
cover slips by depositing 40 µL and 20 µL of a 6 wt% aqueous dispersion of the relevant
Bindzil® nanoparticle at 7000 rpm for 30 s. The coatings were cured for 1 h at 120 °C in an
oven and then thoroughly rinsed with deionized water and dried under a stream of nitrogen gas.
10 mM NaCl solution was prepared with Milli-Q water.

3.2.2 Microcantilevers
AC 55 (Olympus) cantilevers used for both FM-AFM imaging and 3D-SFM were coated with
Si (30 nm) using a DC Sputter coater (K575XD, Emitech) to remove any contaminants. The
resonant frequency (f0) and quality factors (Q) and spring constant (k) of the cantilevers in 10
mM NaCl were in the following range, f0 = 780 - 1250 kHz, Q = 8 - 12 and k = 40 - 115 N/m.

3.2.3 FM-AFM
The experiments were performed with a home-built frequency modulation atomic force
microscopy (FM-AFM) [414]. The z-scanner of FM-AFM was calibrated using an atomic step
edge of either a calcite or diamond crystal sample, i.e. approximately 2 - 3 Å in height. Error
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in this calibration arises due to the presence of scanner hysteresis that is typically less than 5%.
On the other hand, due to the noise limit of the instrumentation, the z-resolution of the AFM is
in the range of 0.01 to 0.05 Å. Therefore, the larger of these two error sources will determine
the accuracy limit.

3.2.3.1

Imaging

2D topography images were performed using FM-AFM, where the cantilever was oscillated at
its resonance frequency (f0) with its constant amplitude (A). A constant frequency shift (∆f) was
used as feedback signal to regulate the tip-sample distance. The obtained images were 500 nm,
100 nm and 8 nm in scan size.

3.2.3.2

3D-SFM

The coverslips were glued onto a sample holder. Prior to the measurement, the nanoparticle
films were thoroughly rinsed with Milli-Q water and dried under nitrogen gas. Thereafter, 100
µL of 10 mM NaCl solution was dropped onto the sample surfaces. FM-AFM imaging mode
was used to locate the particles by zooming in and placing the tip on top of single nanoparticle,
then 3D FM-AFM measurements were performed. The physical and pixel sizes of the original
3D FM-AFM images for Bindzil® 30/360 (Unmodified SiNP) and CC301 (Low-GPS-SiNP)
nanoparticle surfaces were 4 × 4 × 2 nm3 and 64 × 64 × 256 pixels, and for the Bindzil® CC302
nanoparticle (High-GPS-SiNP) surface were 4 × 4 × 3 nm3 and 64 × 64 × 256 pixels. The
frequency and amplitude of the z-modulation and lateral scan speed during the 3D-SFM
measurement were 195.3 Hz, 2 nm (Bindzil® 30/360 and CC301) or 3 nm (Bindzil® CC302),
and 12.2 nm/s, respectively. The experimental collected frequency shift vs Z distance data were
converted to force curves based on Sader’s method [431].
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3.2.4 Molecular Dynamic (MD) Simulations
A previously validated silica surface model [502, 503] originated from Feuston et al. was
employed in this work [504]. This represents a realistic, highly hydrated amorphous silica
surface with a surface silanol density of 4.7 OH groups/nm2 [505]. The amorphous silica
substrate displays a density of 2.6 g/cm3 (comparable to experiment), an average film thickness
of 1.7 nm (in the Z direction) and lateral dimensions of 2.7 × 2.7 nm2. Hydrolysed
glycidoxypropyltrimethoxysilane (GPS) was added to the bare silica surface replacing surface
hydroxyl groups as described previously [506-511]. Grafted chain density was kept consistent
with experiment on both sides of the silica substrate with ligand densities of 1.5 ligands/nm2
(11 total GPS ligands) and 0.9 ligands/nm2 (7 total GPS ligands) for the high and low density
GPS modified silica surfaces, respectively. Three additional systems were constructed to
investigate the influence of functional groups, with ligand chemistries shown in Figure A. 1.b,
on ligand hydration at a grafting density of 1.5 ligands/nm2. The influence of surface charge
on the GPS ligands was accounted for by performing simulations for three different surface
charge densities: 0, 14% (5 total) and 28% (10 total) hydroxyls deprotonated for the highdensity GPS modified silica system. The systems were subsequently hydrated with
approximately 800 water molecules on both sides of the substrate with additional sodium ions
to counter surface charge. During the subsequent simulations, the surface silanol groups
remained free to move, while the underlying SiO2 atoms were kept fixed. All data presented
are for the 14% deprotonated surface except where specified.

3.2.4.1

MD Simulation Setup

The COMPASS force field [512] optimized for the simulation of condensed phase polymers
and organic/inorganic interfaces was used to evaluate the inter- and intramolecular interactions
within the all-atom models. Energy minimization was performed to relieve any induced strain
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in the constructed models prior to MD simulations. For energy minimization, non-bonded
interactions were calculated using the Ewald procedure with and accuracy of 0.01 kcal/mol and
an update width of 1.0 Å. The conjugate gradient algorithm was used for energy minimization,
with an energy convergence criterion of 0.01 kcal/mol•Å. For MD procedures, non-bonded
interactions were calculated using the atom-based summation method with a cut-off radius of
12.5 Å, a spline width of 2.5 Å, and a buffer width of 1.0 Å. A long-range vdW tail correction
was applied for non-bonded interactions larger than the cut-off radius. A 1.0 fs time step was
used for the simulation of the NVT ensemble, utilizing the Andersen thermostat [513] to control
the temperature with a collision ratio of 1.0. All runs were performed for 52 million time step
with statistics generated over the final 45 million timestep (46 ns) with system coordinates
being written out every 2 ps.

3.2.4.2

3D Density Profile Generation

3D atomic density profiles were generated from the final 46 ns of the MD simulations for each
system. The two 2.6 × 2.6 × 2 nm3 interfacial areas (top and bottom sides of the substrate) were
separated into [x,y,z] arrays of [26,26,100] bins each with dimensions 0.1 nm × 0.1 nm × 0.02
nm, or a volume of 0.0002 nm3. The first bin in the Z direction was defined as between 0 and
0.02 nm above the average position of Si atoms bonded to surface silanol groups. For the
unmodified silica three selections were defined: (1) oxygen atoms from water molecules within
0.35 nm of the substrate; (2) oxygen atoms from water molecules not within 0.35 nm of the
substrate and (3) sodium atoms; and for the time points (23000 total) the positions of each atom
was recorded in one of the [26 × 26 × 100] bins. The density of each bin was then normalised
with reference to the average density of the 13520 bins in the 1.8 - 2.0 nm height range.
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Part I: Experimental Results
“3D-Scanning Force Microscopy”
(This part of work was undertaken by Dan Yang from University of Wollongong)
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3.3 Results
3.3.1 FM-AFM Imaging
FM-AFM height images clearly showed the morphology of the SiNP-based coatings (Figure 3.
1a-c), with average surface roughness (Ra) of 0.93 nm, 1.40 nm and 1.35 nm for Unmodified
SiNP coating (Figure 3. 1a), the Low- (Figure 3. 1b) and High-GPS-SiNP coatings (Figure 3.
1b and c), respectively. Compared to the two GPS modified SiNPs (Figure 3. 1b-c), larger
particle sizes were observed for the Unmodified SiNP coating in the 500 nm scans (Figure 3.
1a). This result was confirmed by 100 nm scans (Figure 3. 1d-f) and their cross sections
(indicated by red lines, as shown in Figure 3. 1g-i). The size of Unmodified SiNPs measured
by FM-AFM was 26.2 ± 4.5 nm (mean ± SD), and for Low- and High-GPS-SiNPs their sizes
were 14.8 ± 2.1 nm and 15.2 ± 2.3 nm, respectively. Though tip broadening effect may exist,
the particle sizes obtained by FM-AFM were significantly smaller in comparison to the particle
sizes measured by static AFM imaging in Chapter 2, but much closer to the hydrodynamic size
measured by DLS. However, all the particle sizes measured in our work by different methods,
including static AFM imaging, DLS, SEM and FM-AFM imaging, were larger than the particle
size reported by the manufacturer (~ 7 nm).
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Figure 3. 1. FM-AFM images obtained in 10 mM NaCl of the three Bindzil® SiNPs. Unmodified SiNP, LowGPS-SiNP and High-GPS-SiNP are shown in each column from left to right. Each row presents different scan
sizes: 500 nm, 100 nm and 8 nm scan areas from top to bottom.

Higher resolution imaging over an 8 × 8 nm area by zooming in on top of a single
nanoparticle revealed the appearance of fine structures with size less than 5 Å, some of which
could not be explained by noise, which was suggested due to molecular structures on each of
the different SiNPs (Figure 3. 1j-l). The molecular structures on the GPS-modified SiNP
surfaces were similar (Figure 3. 1k-l) and distinct from that of the Unmodified SiNP albeit this
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sample consisted of significant noise interference or image instability (Figure 3. 1k). Due to
the potential system noise, sample tilt and lateral drift during measurement, distortion of the
single nanoparticle and associated molecular surface structure was evident, particularly in
Figure 3. 1l, i.e. the edge of a single nanoparticle displayed waviness and continued as a column
in the scan as opposed to having a purely spherical morphology. Although the origin of these
molecular surface features is unclear, it is possible that they correspond to the arrangement of
silanol groups for the Unmodified SiNP, and/or molecular arrangement of the GPS after
functionalisation of the SiNP. Previous FM-AFM imaging has identified the water molecule
distribution, ion association and molecular surface arrangement on different surfaces by
applying different frequency shift setpoints to enable imaging at different vertical positions
[514]. Whilst FM-AFM studies have observed the molecular structures on either atomically
flat and/or well-ordered crystalline or hexagonally ordered surfaces such as mica [515], calcite
[436, 514, 516], fluorite (111) [437] and OEG-SAMs [517], Figure 3. 1j-l represents the first
molecular resolution images of amorphous silica surfaces, particularly those consisting of
nanoparticles with and without chemical modification.

3.3.2 3D-SFM
3.3.2.1

Unmodified SiNP Surfaces

In 3D-SFM experiments, the cantilever was firstly precisely located above a single nanoparticle
of a coating and the FM-AFM measurements configured to perform 3D-SFM volume maps
with resolution of 4 × 4 × 2 nm3 (length, width, height) in a 10 mM NaCl solution. The 3D
volume maps showed distinct, layered structures occurring in the immediate vicinity of the
surface (lighter blue colour) and across the entire XY plane of both the Unmodified SiNP
(Figure 3. 2a) and High-GPS-SiNP surfaces (Figure 3. 2b). Unmodified SiNP surface presented
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a discrete interfacial layer phase, while the High-GPS-SiNP surface showed a continuous
interfacial layer phase extending to a significantly greater distance from the surface and into
the bulk water (darker blue colour).

Figure 3. 2. 3D FM-AFM volume maps of SiNP (a) and High-GPS-SiNP (b) surfaces.

These 3D volume maps can be further separated into 2D cross-sections, 2D top-view
images and 1D profiles to more closely examine the structure and properties of the interfacial
layer phase (Figure 3. 3). By taking vertical slices through the Z plane in the X or Y direction,
2D cross-sections revealed the interfacial layer phase consists of discrete, molecular structures
extending to ~ 5.0 Å from the surface of the Unmodified SiNP (lighter blue colour, Figure 3.
3a (i), c-e(i)). In the region between the maximum of 2 nm above the surface and down to the
interfacial layer phase, no response in the frequency signal is indicative of the bulk water phase
(darker blue colour, Figure 3. 3a (i)). As the cantilever approached to within 5.0 Å of the SiNP
surfaces, changes in the magnitude of the frequency signal and its XYZ spatial dependence
denoted the structure of the interfacial layer phase (lighter blue colour, Figure 3. 3 a (i)). More
precisely, these structures originated from both an increase and decrease in the frequency signal,
relative to the bulk water phase (∆f = 0 Hz), to form layers of high frequency contrast with
interposing darker regions (Figure 3. 3a (i)). One to two interconnected layers appeared to
propagate at different angles from the surface to give a ‘zigzag’ appearance and more generally
an undulating profile with molecular-scale height variations (i.e. they are not always strictly
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horizontal to the surface) (Figure 3. 3a (i)). Serial 2D cross-sections showed that these
interfacial structured layers occurred throughout the 3D volume map (Figure 3. 3, c-e (i)),
therefore producing an intricate molecular architecture across the entirety of an Unmodified
SiNP surface. 2D cross-sections with height correction can also be visualized, enabling clearer
superimposition and reference of the interfacial layer phase to the curvature and/or roughness
of the nanoparticle surface within the coating (Figure 3. 3f(i, ii).

Figure 3. 3. (a). Representative 2D cross section at the SiNP interface (i), with representative 1D profiles taken
at positions 1 (ii) and 2 (iii) on the SiNP surface. (b). A 2D top view image taken at z = 0 nm and labelled with
dotted lines (c-e) at the positions of each 2D cross sections (c.i., d.i., e.i.). The later are labelled with 1, 2 and 3
at which positions 1D profiles are taken and shown as black, red and blue in the 1D profiles, respectively (c.ii.,
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d.ii., e.ii.). (f). Representative 2D cross sections (i) before and (ii) after height correction. Legend: * illustrates
relative frequency difference for b. ** illustrates relative frequency shift difference for a, c, d, e and f. Height of
structured water layers (~ 0.5 nm) with 5% error (see Material and Methods) gives an uncertainty value of 0.3
Å. The cantilever parameters: A = 1.79 Å, f0 = 956 kHz, Q = 10.6 and k = 45.76 N/m. The 3D ∆f images
parameters: Scanning size: 4 × 4 × 2 nm. The frequency and amplitude of the z modulation during the 3D-SFM
imaging were 195.3 Hz and 2 nm, respectively. The lateral scanning speed was 12.2 nm/s.

1D profiles plotting the frequency shift versus Z distance taken at different XY
positions (indicated by dashed lines in 2D cross-section images) revealed an oscillatory profile
that is commonly associated with the force required by the AFM tip to sequentially displace
individual, structured water layers close a surface [518] (Figure 3. 3a (ii, iii) and c-e(ii)).
Specifically, 1 - 2 oscillations occurring within < ≈ 5.0 Å from the surface, with peak widths
equating to the dimension of a single water molecule, i.e. 2.0 – 2.5 Å, confirmed the presence
of water layers responsible for the layer structures of the interfacial layer phase on the
Unmodified SiNP (Figure 3. 3a (ii,iii)). The width of an oscillatory peak delineates the single
water layer thickness in the 2D cross-sections, while the magnitude of their frequency, or
effectively a force of ∼100 pN per oscillation, can be integrated with respect to Z distance to
give an energy cost of ∼ 0.1 - 0.2 eV for displacing a single water layer (Figure 3. 4). To date,
reasons for variations in the number of oscillatory peaks and their differing Z distances from
the surface have been unclear in AFM-based force measurements though may now be
explained by 3D-SFM due to the ability to correlate 1D profiles with the force-reconstructed
atomic and molecular structures revealed in 2D cross-sections [428]. It is clear that the presence
of water layer(s) bearing intricate, lateral structural variations at the molecular-level produces
such variations in oscillatory profiles, which is further evident in a comparison of different 1D
profiles (Figure 3. 3a (ii, iii) and c-e(ii)) .
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Figure 3. 4. (a and b) The same frequency shift curves as figure 3. 3.a.ii and iii; (c and d) Force Vs Z distance
curves converted from frequency shift based on Sader’s method [431] (blue), and energy Vs Z distance curves
(red) based on Trapezoidal rule. c and d figures are converted from a and b respectively.

The 2D trajectory of the water layers across the Unmodified SiNP can be visualized by
taking a horizontal slice through the 3D volume maps to provide top-view images at a specified
Z distance (Figure 3. 5c). Evolution of the serial slices was viewed when moving from the
SiNP surface (Z distance = 0 Å) through to the interfacial water layers (interfacial hydration
layer) (Z distance = 2.5 Å) and then into bulk water up to the maximum Z distance of 0.7 nm
(Figure 3. 5c (ii, ii, iii)). Specifically, at a Z distance = 2.5 Å, the interfacial hydration layer
showed a continuous, branched or network-like water structure, indicated by brighter frequency
contrast, with the interposing darker contrast regions (Figure 3. 5c(ii)). Correspondingly, the
presence of water molecules were indicated by the discrete interfacial water layers in lighter
colour in figure 3. 5.a and oscillatory profiles in Figure 3. 5.b. This complex, network-like
water structure is very distinct from that of highly-ordered structures on solid, flat, crystalline
surfaces, such as mica, fluorite, and calcite, that template the lateral arrangement of individual
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water molecules according to their hexagonal atomic lattices [444, 514]. 3D-SFM experiments
showed local hydration regions corresponding to specific atomic sites such as Ca2+ and F- of
fluorite (111) surfaces, and Ca2+ and CO2-3 of calcite (1014) surfaces, as well as interposing
dark regions, or ‘cavities’, positioned over atomic vacancies or ion binding sites of hexagonal
rings of similar crystal surfaces [444, 514]. In addition to site-specific hydration, associated
hydration layers with alternating enhanced and dark frequency contrast are typically located
further above the surface and similar hydration layers were found on protein surfaces [500].
All-atom MD simulations used to better understand the frequency contrast mechanisms
reproduced the 3D-SFM experimental observations at the molecular level and show that
oscillatory profiles caused by changes in free energy are due to structural rearrangements in
the hydration layer manifested through the overlap, confinement and displacement of hydration
peaks [436, 437]. An overlap of hydration layers on the tip apex atom and sample surface,
effectively reforming the intrinsic hydration structures, leads to a decrease in free energy and
produces attractive gradients and the energy minima. For the Unmodified SiNP, the energy
minima in the 1D profiles correlated to interposing dark regions within the interfacial layers in
the 2D cross-sections (Figure 3. 3a, examples are indicated by green arrows), with spacings of
the order ≈ 5 Å occurring in between the structured water layers. Their occurrence as discrete,
interposing ‘cavities’ within the interfacial water layers also raised interesting questions as to
their structural significance, including the notion of intermolecular voids that would constitute
the free volume between neighbouring water molecules in this region.
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Figure 3. 5. (a) Representative 2D cross section, which is the same as figure (2.a.i). (b) Averaged 1D frequency
shift vs Z distance curves of (a) (c. i – iii). Representative 2D top view images taken at points (i) 0 nm, (ii) 0.25
nm and (iii) 0.7 nm from the surface (positions are indicated in (a) and (b)).

3.3.2.2

High-GPS-SiNP Surfaces

The interfacial layer phase of the High-GPS-SiNPs differed considerably from the Unmodified
SiNP surface. 2D cross-sections revealed a distinct, continuous layer extending to significantly
greater distances from the surface, with no evidence of a branched, network-like water structure
or interposing darker regions, or ‘cavities’(Figure 3. 6a(i) and c-e(i)). They also appeared to
show the existence of a gradation in the frequency contrast, including initially darker contrast
from the bulk water phase followed by an increase in the frequency shift corresponding to the
interfacial layer phase that forms a continuous, parallel-aligned layer across the entirety of the
High-GPS-SiNP. The change in the frequency shift is consistent with 1D profiles at different
XY positions that only showed a purely repulsive profile (Figure 3. 6a(ii, iii) and c-e(ii)). The
height correction image revealed the High-GPS-SiNP surface had a relatively smoother
appearance (Figure 3. 6f (i, ii)), compared to Unmodified SiNP surface (Figure 3. 3f (i, ii)).
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Figure 3. 6. (a). Representative (i) 2D cross section at the High-GPS-SiNP interface, with representative 1D
profiles taken at positions (ii) 1 and (iii) 2 on the SiNP surface. (b). The 2D top view image is taken at z = 0 nm
and labelled with dotted lines (c-e) at the positions of each 2D cross sections (c.i., d.i., e.i.). The later are
labelled with 1, 2 and 3 at which positions 1D profiles were taken and shown as black, red and blue in the 1D
profiles, respectively (c.ii., d.ii., e.ii.). (f). Representative 2D cross sections (i) before and (ii) after height
correction. Legend: * illustrates relative frequency difference for b. ** illustrates relative frequency shift
difference for a, c, d, e & f. The cantilever parameters: A = 1.65 Å, f0 = 1230 kHz, Q = 10.3 and k = 65.25 N/m.
The 3D ∆f images parameters: Scanning size: 4 × 4 × 2 nm3. The frequency and amplitude of the z modulation
during the 3D-SFM imaging were 195.3 Hz and 3 nm, respectively. The lateral scanning speed was 12.2 nm/s.
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As a result of having a continuous layer, the top-view images taken at various Z slices
through the interfacial layer phase maintained a smooth, more homogenous appearance across
the High-GPS-SiNP (Figure 3. 7c (i-viii)) in contrast to the Unmodified SiNP (Figure 3. 5.c(iiii)). Corresponding to Figure 3. 5a and Figure 3. 5b, there are no interposing darker regions
or obvious oscillatory profiles were observed in the 2D cross section (Figure 3. 7a) and 1D
profile (Figure 3. 7b) images, respectively.

Figure 3. 7. (a). 2D cross sections of High-GPS-SiNP surface. (b). Averaged 1D profile from (a). (c). Topview images at different z positions labelled from i – viii, correlating to Z distances labelled in (a) and (b).

Further analysis by statistically averaging 1D profiles across entire 2D cross-sections
(ZY-averaged curves) also revealed a more complex s-shaped frequency profile (Figure 3. 8a
(i)), which is well-described by Boltzmann sigmoid fitting (red line, R2 = > 0.996) and consists
of a transition in the frequency gradient as defined by the first (Figure 3. 8a (iii)) and second
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derivative (Figure 3. 8a (ii)) functions. Conversion of the frequency shift to a force shows that
the original transition in frequency gradient marks the onset of a linear slope region, suggesting
constant compliance has been reached subsequent to the deformation of the GPS layer by the
AFM tip (Figure 3. 8b (i and iv) (transition marked by dotted lines). The zero reference (i.e.
the surface) was defined at the onset of constant compliance where effectively the slope of the
force curve indicated an incompressible or infinitely hard surface. For the FM-AFM, this is
effectively taken as being the transition from a linear to non-linear oscillation of the cantilever.
This is more clearly visualized as the minima or crossover point in the first and second
derivative, respectively (Figure 3. 8b (ii, iii)). By using higher frequency setpoints to decrease
the distance between the tip and surface, deeper probing into the interfacial layer phase
continued to show a repulsive interaction and further accentuated the s-shaped profile (Figure
3. 8b (i)). Here, the interpretation was that the GPS chains have been fully compressed, giving
an approximation of the zero reference. The distance from the start of the repulsive interaction
until the onset of constant compliance (denoted by the dots line) provided an estimate of the
interfacial layer thickness, which was measured to be ~ 10-12 Å (Figure 3. 8). As shown in
Figure A. 2, the interfacial layer thickness of High-GPS-SiNP showed an independence to NaCl
concentration, where an averaged value of 10 - 12 Å was measured across a range of NaCl
concentration (0, 10, 100, 500 and 1000 mM NaCl). Despite not being able to define a discrete
hydration layer, it is suggested that the interfacial layer thickness is rationalized by the presence
of associated water, which is discussed further below in MD simulations. TGA results indicate
that the density of GPS molecules on the High-GPS-SiNP surface is ~1.52 molecules/nm2 and
at this density, one would expect to observe individual GPS chains as opposed to a confluent
layer over the 4 nm scan size. The interfacial layer may also represent an average, or ‘snapshot’,
of the GPS chain dynamics and associated water molecules that occurred on significantly faster
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timescales than the 3D FM-AFM measurements [519], thereby experimentally observing all
statistical GPS chains positions as a continuous layer.

Figure 3. 8. (a). (i). Boltzmann sigmoid fit with (ii) 2nd and (iii) 1st derivative of averaged 1D profile on HighGPS-SiNP (CC302®) surface. R2 = 0.99908. (b).(i) The Boltzmann sigmoid fitted averaged 1D frequency shift
vs. Z distance curves of High-GPS-SiNP with a function of frequency shift setpoints. The curves are labelled
with numbers 1, 2, 3 and 4 which represent setpoints at 9.45, 11.08, 15.62 and 19.58 KHz, respectively. Figure
b. (ii and iii) represent 1st and 2nd derivative of curves in figure b.(i). The force curves in figure b.(iv) are
converted from experimental collected frequency shift vs Z distance data based on Sader’s method [431]. The
dash lines in figure 3.8b indicate the transition point of constant compliance.
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3.3.2.3

Low-GPS-SiNP Surfaces

To further confirm the presence of interfacial water structuring, Low-GPS-SiNP (Bindzil®
CC301, with GPS density as 0.8 molecules/nm calculated from TGA data) was studied, where
intermediate effects between the Unmodified and High-GPS-SiNP surfaces were observed
(Figure 3. 9 and Figure 3. 10). The 3D volume map (Figure 3. 9a) and 2D cross-section (Figure
3. 9b) revealed a continuous water layer on the Low-GPS-SiNP surface, extending a shorter
distance away from the surface in comparison to High-GPS-SiNP. However neighbouring
areas just several angstroms away demonstrated more intricate structures that are more
representative of water structuring on the Unmodified SiNP. Furthermore, 1D profiles showed
the existence of both monotonic repulsive and oscillatory profiles (Figure 3. 9c-d), the latter
with peak width equivalent to the size of a single water molecule. In addition, the discrete
angled structures were seen within regions of the GPS/water layer that may also represent the
unveiling of individual GPS molecules, or only the structured water (Figure 3. 9a-b, and Figure
3. 10b-d). The density of GPS molecules on the Low-GPS-SiNP (0.8 molecules/nm) is
therefore not high enough to generate a continuous GPS/water layer as in the case of HighGPS-SiNP, which resulted in a rougher surface, consisting of regions where water structuring
similar to the Unmodified SiNP can occur, as shown in Figure 3. 9f and Figure 3. 10a. Serial
2D cross-sections and accompanying 1D profiles collected at multiple positions across the
nanoparticle surface confirmed the reproducibility of these interfacial layers with intermediate
structures between those of the Unmodified and High-GPS-SiNP surfaces (Figure 3. 9c-d,
Figure 3. 10(b-d)ii).
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Figure 3. 9. 3D-SFM measurement results on Low-GPS-SiNP surface. (a) 3D volume map; (b) Representative
2D cross-section; (c and d) Representative 1D profiles taken at positons 1 and 2, respectively; (e) Averaged 1D
profile of the Z cross-section shown in (b). (f,i-iii) Representative 2D top view images taken from (b) at
different Z positions labelled as 1, 2 and 3. The cantilever parameters: A = 1.48 Å, f0 = 1220 kHz, Q = 11.9 and
k = 77.16 N/m. The 3D ∆f images parameters: Scanning size: 4 × 4 × 2 nm3. The frequency and amplitude of
the z modulation during the 3D-SFM imaging were 195.3 Hz, 2 nm, and 12.2 nm/s, respectively.
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Figure 3. 10. 2D top view images, cross-sections and 1D profiles across Low-GPS-SiNP surface. Scanning
area: 4 × 4 × 2 nm3. The 2D top view image (a) is taken at Z = 0 nm and labelled with dotted lines (b,c and d),
which correlate with the 2D cross sections (b-d, i), along with corresponding 1D profiles (b-d, ii) illustrating the
1D frequency vs Z distance profiles for lines 1,2 and 3.

The averaged 1D frequency shift and force curves across a 2D cross-section of three
different SiNP surfaces showed different profiles (Figure 3. 11). In the averaged frequency
shift (Figure 3. 11a) curve, despite performing oscillation smoothing, 1 or 2 oscillations were
still observed on Unmodified SiNP surface and a relatively smaller one was observed on the
Low-GPS-SiNP surface. In contrast, a monotonic profile was seen on High-GPS-SiNP surface.
The force curves converted from frequency shift curves all showed a linear region close to
SiNP surfaces, indicating that the tip had reached a constant compliance (Figure 3. 11b). As
denoted in Figure 3. 11b by the dash lines, the length of repulsive regions was calculated for
each surface by recording the positions where the tip firstly interacted with the surface and
where the tip reached constant compliance. Evidently, the length of repulsive region of High-
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GPS-SiNP was the greatest, and then followed by Low-GPS-SiNP and Unmodified SiNP
(Figure 3. 11b).

Figure 3. 11. A comparison of the effective repulsive lengths in the averaged 1D profiles for the different SiNPs.
(a) The averaged 1D profiles shown as frequency shift vs Z distance curves; (b) Force vs Z distance curves
which derived from (a). Unmodified SiNP, Low- and High-GPS-SiNP are in black, red and blue, respectively.
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3.3.3 MD Simulations
3.3.3.1

Unmodified Amorphous Silica Surfaces

MD simulations were undertaken to provide a molecular level rationale to the 3D-SFM
experiments, specifically relating to the population of atomic species at the various solid/liquid
interfaces. Graphical presentation of the MD simulation data hereafter allowed direct
comparison and correlation with the 3D-SFM data presented in previous sections. 3D atomic
density maps were generated from 50 ns MD simulations and normalized by the density of
water more than 1.8 nm from the surface (bulk water). For the unmodified silica surface, 2D
cross-sections (Figure 3. 12a-b) were generated and are strikingly similar to the corresponding
experimental 2D cross-section images obtained by 3D-SFM (e.g. Figure 3. 3a (i), c-e(i)). 2000
overlayed snapshot images (Figure 3. 12a) predominately showed a single densely bound water
layer (oxygen atoms of water within 0.35 nm from the surface, red colour) closely following
the molecular surface topography to give an undulating appearance very similar to the 3D-SFM
images. Specifically, at heights less than 0.75 nm above the silica surface groups, relative
density 2D cross-sections confirmed that this water layer corresponds to high atomic density
regions (red colour scale) of individual water molecules located above the unmodified silica
substrate (Figure 3. 12b). Low atomic density regions (blue colour scale) can also be observed
in 2D cross-sections (Figure 3. 12b), particularly above the regions of high density in the water
layer, typically with a height range of between 0.1 and 0.2 nm. Where this pronounced initial
water layer was followed by a low atomic density region, a further increase in the density of
water was sometimes observed, indicating a discontinuous second water layer (Figure 3. 12b).
The corresponding simulation results of averaged 1D density profiles versus distance curves
showed oscillations with 1 - 2 peaks (Figure 3. 12c), which was in qualitative agreement with
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the oscillatory profiles in the 3D-SFM 1D frequency shift curves and confirmed that these arise
due to perturbation of up to two intricate, structured water layers.
Simulated XY contour (horizontal) slices moving from 0.4 to 0.64 nm above the silica
substrate (Figure 3. 12d-f) recapitulated the laterally distributed branched, or network-like,
water structure. Due to the heterogeneous distribution of silanol groups and atomic roughness,
this layer did not form a cooperative or ordered network in the plane parallel to the surface nor
was there significant water structuring beyond the first hydration layer. Outside of 0.64 nm
from the substrate, XY slices showed water profiles indistinguishable from bulk-like water in
line with experimental findings on the short-range influence of the substrate on the liquid phase.
A snapshot examining water within 0.4 nm of the unmodified silica (Figure 3. 12d) revealed
the first hydration layer (red colour) may be composed of individual water molecules or ions
clustered at adsorption sites on the substrate, forming the reticulate, network-like structure
equivalent to that observed in 2D top-view images of the 3D-SFM in Figure 3. 5c(i-iii).
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Figure 3. 12. (a). 2000 overlayed snapshot of water oxygen atoms within 0.35 nm of amorphous silica (red),
water oxygen atoms outside 0.35 nm of amorphous silica (blue) and sodium (green) atoms on bare SiO2 (depth
of cross section is 0.1 nm). (b). Representative 2D cross-section of the density of water and sodium on bare SiO2
(same cross section as shown in a). (c). Averaged 1D density profiles vs Z distance curves for silica with total
(black); interfacial water (red) and bulk-like water (blue). (d-f). XY slices taken from a 3D relative atomic
density map on bare SiO2 at different Z positions as indicated at (d) 0.40 nm, (e) 0.52 nm and (f) 0.64 nm as
shown in (h). Z height span of the contour plot is 0.02 nm. (b, d-f) The colour scale referred to the relative
atomic density of water oxygen atoms normalised by the average density of water more than 1.8 nm from the
substrate. (g). Snapshot of water-oxygen atoms within 0.35 nm of the unmodified silica substrate from the 50 ns
simulations, colour bar indicated the height above the underlying substrate. (h). Schematic showing relative
positions of (d-f).

Specifically, (Figure 3. 13a) showed that the high-density (red) regions were mainly
delineated by discrete rounded structures of approximately 1.5 ~ 3.0 Å in size, corresponding
to dimensions of single water molecules and supporting that the 3D-SFM was probing
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individual water layer(s) above the substrate. Furthermore, within less than 0.75 nm from the
surface, the height of the first water layer (high density region, red colour) can vary by up to
0.5 nm due to this structured water closely following the atomic roughness of the underlying
amorphous substrate, as observed in the 3D-SFM (Figure 3. 3f(i-ii)). The corresponding
overlay snapshot in Figure 3. 13.b denoted positions of the atoms used for this simulation work.

Figure 3. 13. (a) 2D cross section of unmodified silica surface and (b) associated snapshot (2000 frames) of
water oxygen atoms within 0.35 nm of amorphous silica (red), water oxygen atoms outside 0.35 nm of
amorphous silica (blue) and sodium (green) atoms on bare SiO2 (depth of cross section is 0.1 nm). The colour
scale of (a) referred to the relative atomic density of water oxygen atoms normalised by the average density of
water more than 1.8 nm from the substrate.

Figure 3. 14 presents several sequential 2D cross-sections of the relative density with
accompanying snapshots to emphasise the propagation of the water layer across the unmodified
silica surface, including the arrangement of the individual water molecules in the initial layer
relative to those involved in an apparent secondary layer. The voids where fewer water
molecules presented within the simulated time scale were denoted by green arrows (Figure 3.
14), correlating to the interposing darker regions on Unmodified SiNP surface shown by 3DSFM (Figure 3. 5a).
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Figure 3. 14. Sequential 2D cross-sections of unmodified silica surface and associated snapshots (2000 frames)
of water oxygen atoms within 0.35 nm of amorphous silica (red), water oxygen atoms outside 0.35 nm of
amorphous silica (blue) and sodium (green) atoms on bare SiO2 (depth of cross section is 0.1 nm). The colour
scale referred to the relative atomic density of water oxygen atoms normalised by the average density of water
more than 1.8 nm from the substrate.

3.3.3.2

High Density GPS Modified Silica Surfaces

In line with 3D-SFM experiments, the MD simulations of the high density GPS modified silica
interface showed considerable differences from the unmodified silica surface. The 3D atomic
density map revealed a region of tightly constrained GPS and denser water close to the surface
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(< 0.8 nm) with an associated GPS/less dense water region extending outwards and
transitioning into bulk-like water between 0.8 and 1.2 nm above the substrate (Figure 3. 15a).
Furthermore, the 2D cross sectional density maps (Figure 3. 15b) and 1D relative density
profiles (Figure 3. 15c) indicated this diffuse region had a lack of well-defined hydration layers
and void volumes, in contrast to the behaviour observed above the unmodified silica. For
example, the averaged 1D density plots showed only a monotonic decrease in bulk water
density from 1 to 0 throughout the GPS and associated water region (Figure 3. 15c, blue curve),
confirming that there is no propagation of interfacial water structuring into the bulk solvent.
Within the diffuse region, i.e. 0.8 - 1.2 nm, the average density of the interface remained within
10% of that of the bulk solvent despite transition from bulk solvent away from the interface to
the associated GPS ligand/water mixture (Figure 3. 15c, black curve). In this case, distal
hydroxyl groups of the GPS have a strong association with water, with an average of 1.1
hydrogen bonds per ligand from these functional groups. Systematic investigation of the
terminal functionality of the ligand identified a clear trend of increasing water association with
the ligands with increased hydrophilic functionalisation (See Appendix, Figure A. 1). Lastly,
the dynamic nature of the GPS ligands was evident in the snapshot image (Figure 3. 15a),
where the magenta GPS ligand atoms were distributed across the substrate. It suggested that
water molecules engaged in hydrogen bonding with these outer hydroxyl groups were not
confined to specific sites on the surface.
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Figure 3. 15. (a). 2000 overlayed snapshot of GPS ligand atoms (magenta), water oxygen atoms within 0.35 nm
GPS ligands or amorphous silica (red), water oxygen atoms outside 0.35 nm of amorphous silica (blue) and
sodium (green) atoms above the SiO2 substrate (depth of cross section is 0.1 nm). (b) Representative 2D crosssection of the total relative density of heavy atoms of GPS, water and sodium above the SiO2 substrate (the same
cross-section as shown in a). The colour scale referred to the combined relative atomic density of water oxygen
atoms and all non-hydrogen atoms in the GPS ligand (C, O, and the one Si) normalised by the average density
of water more than 1.8 nm. (c). Averaged 1D density profiles vs Z distance curves for high density GPS
modified silica with total (black); GPS ligand atoms (magenta), interfacial water (red) bulk-like water (blue) and
sodium (green).

Simulated XY contour (horizontal) slices and associated snapshots ranging from 0.4 to
1.2 nm above the surface showed the transition from largely segregated GPS and water clusters
at Z distances below 0.6 nm. In contrast, the GPS ligands and water atoms for Z distances
between 0.6 and 1.2 nm above the substrate presented diffuse and overlapping distributions
(Figure 3. 16).
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Figure 3. 16. 2 x 2 nm2 XY contour slices of the relative atomic density (2D density profiles on the left hand
side) and the relative 2000 overlayed snapshots (Snapshots on the right hand side) at the high density GPS
modified silica interface in 0.02nm z distance bins ranging from 0.4 to 1.2 nm above the silica substrate. “All”
represented the combined relative atomic density of water oxygen atoms and all non-hydrogen atoms in the GPS
ligand (C, O, and the one Si). “GPS” represented all non-hydrogen atoms in the GPS ligand only. “Solvent”
represented water oxygen atoms only, each normalised by the average density of water more than 1.8 nm. For
the 2000 overlayed snapshots, GPS ligand atoms were magenta, water oxygen atoms within 0.35 nm of GPS
ligands or silica were red, water oxygen atoms outside 0.35 nm of amorphous silica were blue and sodium atoms
were green.

The GPS ligands were evidently dynamic denoted by the GPS ligand atoms (magenta)
at varied positions, as previously shown in the 2000 overlayed snapshot image (Figure 3. 15a).
In order to quantify the mobility of the GPS ligands, root mean square fluctuations (RMSFs)
for the C6 atoms and terminal hydroxyl oxygen were calculated and plotted against Z distance
from the surface (Figure 3. 17a and b). As shown in Figure 3. 17a, on average, when the
position of C6 atoms were above 0.8 nm from the substrate, the fluctuation range of the atom
was above 0.3 nm. When located closer to the substrate, the motion of the free end of the ligand
was more limited/restricted (Figure 3. 17a). Similar trends were observed for the distal
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hydroxyl oxygen atoms (Figure 3. 17b). The time scales on which the RMSF estimates were
generated (10 ns) also supported the hypothesis that the 3D-SFM images produced a
representative sample (average) of all possible GPS ligand positions. Furthermore, root mean
square deviations (RMSDs) of water molecules at different positions suggested that the water
molecules closer to the substrate were more constrained, and those closer to bulk water were
more dynamic (Figure 3. 17c).
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Figure 3. 17 RMSFs of the (a) C6 atoms and (b) terminal hydroxyl oxygen as a function of Z distance above the
substrate for the high density GPS modified silica surface. (c) RMSD of bulk-like water (blue), ligand
associated-water within 0.35 nm of bulk-like water (dashed red) and ligand associated-water not within 0.35 nm
of bulk-like water (solid red) for the high density GPS system.

3.3.3.3

Low Density GPS Modified Silica Surfaces

1D density profiles (Figure 3. 18a-c) of low density GPS modified silica surface generated
from MD simulations displayed predominant features of both unmodified (Figure 3. 12c) and
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high density GPS (Figure 3. 15c) modified silica substrate type profiles. 24% of the interface
(327/1352 1D profiles) had a bulk water transition height of less than 0.7 nm (Figure 3. 18c),
and the average interfacial 1D profile was reminiscent of that for the unmodified silica (Figure
3. 12c). In contrast, the average of the remaining 76% of the interface, with a bulk water
transition height of greater than 0.7 nm (Figure 3. 18b), reflected the behaviour of the high
density GPS modified surface (Figure 3. 15c).

Figure 3. 18. 1D density profiles of low density GPS modified silica; total (black); interfacial water (red) bulklike water (blue), GPS chain (magenta) and sodium (green): (a) total; (b) profiles with bulk water transition
height of more than 0.7 nm; (c) profiles with bulk water transition height of less than 0.7 nm.

By considering the height at which the relative density of bulk-like water fell below 0.5
for each of the 1D profiles, the distributions of probability were plotted in Figure 3. 17a-c for
the three silica surfaces. The average thickness of the interface was estimated to be ~ 1.0 nm
(Figure 3. 17c) for high density GPS modified silica, which correlated to the estimated value
from the experimental force curves, i.e. 10 – 12 Å (Figure 3. 8a and b, and Figure A. 2). The
average thickness for low density GPS modified silica was ~ 0.8 nm (Figure 3. 19a), indicating
slightly more compressed GPS ligands compared to the high density GPS system. The
cumulative probability in Figure 3. 19d indicated the water layer thickness of the three surfaces:
high density GPS modified silica > low density GPS modified silica > unmodified amorphous

146

silica, which was in agreement with the trend of interfacial layer thickness of the three SiNPs
shown in Figure 3. 11b measured by 3D-SFM.

Figure 3. 19. Distributions at the height where bulk-like water density fell below 0.5 for the 1D profiles above
(a) unmodified silica; (b) low density GPS modified silica; (c) high density GPS modified silica; (d) cumulative
probability distributions for unmodified silica (black); low density GPS (blue) and high density GPS (red)
modified silica.

Furthermore, for the high density GPS modified silica surfaces, the interfacial thickness
was relatively consistent when the charge of the amorphous silica varied (Figure 3. 20a-d). The
average interfacial thickness was estimated to be 0.96 nm for the silica substrate when 100%
of the hydroxyl groups were deprotonated and increased to 1.08 nm when 28% of hydroxyls
were deprotonated (Figure 3. 20c).

147

Figure 3. 20. Averaged 1D density profiles vs Z distance curves for high density GPS modified silica with (a)
0%, (b) 14% and (c) 28% of silica substrate deprotonated. The colour scale: total (black), GPS ligand atoms
(magenta), interfacial water (red) bulk-like water (blue) and sodium (green). (d) Ccumulative probability
distributions for high GPS modified silica surface with 0% (black), 14% (blue) and 28% (red) of deprotonation.
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3.4 Discussion (Part I and II)
Despite the established role of steric forces in higher molecular weight, longer chain
chemistries such as PEG [520], the contributions from shorter silanes have been a subject of
debate for several decades [380, 521, 522] and proposed to play a secondary role to hydration
mechanisms [523]. Early work on the nature of repulsive forces originating from short OEGSAMs demonstrated that the forces are unique and thought not to be related to steric repulsion
but compatible with proposed binding of interfacial water [524]. Recently, work by the
Thompson group showed ultrathin dense adlayers of monoethylene glycol (MEG) have a high
resistance to protein adsorption, with the combination of distal –OH and ether oxygen -Ogroups critical for a putative internal, tightly bound hydration layer [351, 354, 525]. They
determined short chained organosilanes should possess both internal and external
hydrophilicity and kosmotropic character, i.e. the ability to induce structuring in surrounding
water molecules, to exhibit excellent protein resistant properties, with co-ordination with
hydrophilic surface chemistries also a possible contributing factor [354]. Furthermore,
molecular water should be tightly bound with limited lability, presenting a discrete hydration
network where the removal of molecular water by approaching proteins would represent an
energy penalty, thus resulting in repulsive forces [354]. However, further models on hydration
layers would significantly benefit from experimental evidence that directly visualises the
spatially resolved 2D and 3D molecular structures and interactions of hydrophilic functional
groups with the water molecules. There remains an important question as to what is the key
structure–function relationship of interfacial water associated with the short silane protected
surfaces that underpins their ultra-low fouling performance, as opposed to interfacial water that
exists on many other hydrophilic surfaces where protein adsorption is able to persist.
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This study reveals that SiNP-based hydrophilic coatings bearing short chain silanes
with terminal hydroxyl functional groups and different surface configurations have dramatic
effects on the interfacial molecular water structuring and properties. The degree of water
association and structuring around the GPS ligands correlated well with their antifouling
performance observed in previous studies, where coatings were tested against protein, bacteria
and fungus, as shown in Figure 1. 26. Collectively, the experimental and all-atom modelling
approaches support the presence of a continuous, thicker and less dense, GPS-associated water
layer on the modified SiNP versus a more tightly bound, dense and stable structured water layer
on the Unmodified SiNP.
More specifically, the GPS modified SiNP consist of two types of associated water,
including 1) more strongly bound water occupying regions of constrained, less dynamic GPS,
i.e. at the base of the GPS chains, and 2) more dynamic water within the outer GPS chains. The
mobility of GPS ligands is confirmed by the RMSFs data presented in Figure 3. 17a and b, and
therefore suggest that the mobility of the type (2) ‘ligand associated water molecules’ allows
individual water molecules within the layer to re-orient along with motion of the ligands to
maintain a strong ligand-water association (Figure 3. 17c, red dash line). Previously the
observation showed that High-GPS-SiNP coating surfaces could significantly reduce protein
adsorption by more than 90% in comparison to Unmodified SiNP coating surfaces. It was
proposed that this mobile ligand-bound water prevents protein adsorption by limiting the
formation of direct contacts between the protein and ligands. Furthermore, water in this region
is not confined to the same degree as water within the structured water layer(s) immediately
above the Unmodified SiNP surface and retains a degree of translational freedom while
associated with the mobile GPS ligands. It can be hypothesized that the release of water from
this region back to the bulk solvent, due to adsorption of a protein, would result in a smaller
entropy gain due to the increase in translational freedom compared to the entropy gain arising
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from the replacement of strongly bound water molecules on the Unmodified SiNP. Similarly,
the decrease in translational freedom of the GPS ligands due to protein adsorption requires an
entropic penalty that is avoided on the Unmodified SiNP [497]. In addition, the hydration layer
associated with the High-GPS-SiNP is shown to be uninterrupted and prevents exposure of the
underlying SiNP surface, in contrast to the Low-GPS systems, thus additionally presenting an
effective steric barrier.
Related to the interfacial layer structures, the 1D force profiles show the GPS-hydration
layer has a purely monotonic repulsion interaction, which is fully reversible, i.e. incurs no
dissipative losses. Intuitively, this suggests an energy cost for a protein approaching the surface,
i.e. the system would have a higher free energy when a protein is adsorbed compared to when
the protein is in the native state in bulk solution. However, the observed reversibility indicates
that if a protein is adsorbed then desorption is thermodynamically favourable and kinetically
unimpeded due to the absence of free energy barriers along the transition pathway, as evidenced
by the monotonic repulsive force acting on the AFM probe when moving towards the surface.
The contrasting behaviour of the Unmodified SiNP gives further insight by enabling
comparison with intrinsic, structured water layers that do not prevent protein adsorption and
biofouling. For a branched, network-like water structure on the Unmodified SiNP, the 1D
oscillatory profile presents energy barriers but also consists of energy minima, or ‘traps’ that
may increase protein residence times and enable amino acid residues to perturb water layers
and undergo step-wise binding to the substrate. It is thought that the interposing dark regions
in the 3D-SFM images, corresponding to energy minima and simulated low density regions
(e.g. excluded volume effects of the branched, network-like water layer), may play a role in
facilitating protein adsorption, as previously shown for other systems [526]. Indeed, the more
tightly bound, stable water layers regions on the Unmodified SiNP are also expected to less
likely rearrange in competition with protein adsorption.
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In Chapter 2, both Unmodified and High-GPS-SiNP coating surfaces showed shortrange repulsion, with the probability and averaged magnitude of repulsion being higher for
High-GPS-SiNP coating. Utilisation of the highly sensitive 3D-SFM technique has now
provided further insight into the origin of these short-range repulsive forces. Given the clear
structuring of interfacial water, it is evident that surface hydration accounts for the short-range
repulsive forces observed on the Unmodified SiNP surfaces in Chapter 2. As opposed to on
GPS-modified SiNP coatings, where both hydration and steric repulsion could contribute to
the similar but more persistent repulsive forces.
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3.5 Conclusion
In this Chapter, the 3D-SFM enables correlation of 1D profiles to spatial 2D and 3D
distribution of structured water layers, thereby providing experimental data that shows
convergence to the scale of all-atom simulations performed in this study. From both the
experimental and modelling results, it was proposed that suitably spaced, flexible hydrophilic
GPS chains interacting with water molecules could produce a continuous quasi-stable, diffuse
layer without structurally induced energy minima. The presence of the above structures
correlates with an effective antifouling performance, likely through a combination of steric
exclusion, hydration layer, and entropic effects. It was further hypothesized that the diffuse
regime above the GPS modified SiNP, where there is only a modest increase in repulsive force
(0.75 to 1.2 nm above the zero point), might exemplify the type of Goldilocks interface
described by Voegler et al. at which there is very little difference between the interface and
bulk solvent [527]. The absence of differentiation between the outer region of the interface and
bulk solvent might reduce the occurrence of the biased diffusion stage of protein adsorption
thus reducing the likelihood that a protein is found in the vicinity of the interface [526]. By
applying a holistic approach whereby, the experimental characterisation and theoretical
modelling are combined at the same high temporal and spatial resolution, enabling to elucidate
molecular-level interfacial structures, including shedding light on the exceptional antifouling
properties of GPS-modified SiNP surfaces.
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Chapter 4: Fungal Spore Interaction on
SiNP and GPS Modified SiNP Surfaces
as Revealed by Single Cell Force
Spectroscopy
4.1 Introduction
Previous work has shown that SiNP-based coatings functionalized with the short chain,
hydrophilic silane, glycidoxypropyltrimethoxysilane (GPS) consisting of a vicinal diol and
ether oxygen (commercially available from AkzoNobel, Bindzil® CC301 and Bindzil®
CC302), demonstrated excellent antifouling properties when challenged by various proteins,
including bovine serum albumin (BSA), fibrinogen (Fb) and hydrophobin (Hb), and microbes
such as bacteria and fungal spores [449]. Specifically, when challenged by proteins and bacteria,
both Low-GPS-SiNP and High-GPS-SiNP coatings showed significant resistance to binding,
reducing adhesion by nearly 100% in comparison to an Unmodified SiNP coating control.
Although fungal spore attachment was reduced on the GPS-SiNPs surfaces, it did not occur to
the same extent as the prevention of proteins and bacteria. For example, 1.6% spore coverage
was observed on Unmodified SiNP, while Low-GPS-SiNP and High-GPS-SiNP reduced the
spore coverage to 0.51% and 0.11%, respectively. In Chapters 2 and 3, the molecular forces
and interfacial layer structures underpinning the antifouling properties of the GPS-SiNPs based
coatings were investigated [449]. It was proposed that the antifouling performance of GPS154

SiNPs surface might correlate to the presence of a GPS/hydration layer on its surface, likely
through a combination of steric exclusion, hydration layer and entropic effects [449]. However,
the actual physico-biointeractions between the live microbial cells and substrate surfaces,
leading to either the fouling prevention or conversely the ability of the microbial organism
(specifically fungal spores) to get a “foothold” on the surface, at present remain unclear.
To address this, the interactions of a common terrestrial fouling fungal species,
Epicoccum nigrum (E. nigrum), with coatings of Unmodified SiNPs and both Low- and HighGPS-SiNPs were investigated, using sensitive surface probing techniques. As an airborne fungi,
E. nigrum starts the first step of colonisation through adhering its spore to a new surface [528].
However, the mechanisms by which the fungal spores initially attach to surfaces, including
antifouling coatings, have not yet been fully studied. The single cell and molecular forces of
the fungal spore interactions with GPS-SiNPs coatings versus Unmodified SiNP coatings were
investigated using an Atomic Force Microscopy (AFM) based technique, termed Single Cell
Force Spectroscopy (SCFS), providing molecular-level insights into living cell interactions
with material surfaces [529, 530]. SCFS is typically performed with a tipless AFM cantilever
functionalised with a single living cell, with some of the earliest studies undertaken with
microbial cells such as bacteria [531, 532], fungal spores [83, 84, 533-537] and diatoms [538]
to study their interactions with different surfaces.
The SCFS study in this chapter was performed by attaching a single E. nigrum fungal
spore on AFM tipless cantilevers and measuring its interaction on glass coverslips, Unmodified
(Bindzil® 30/360) SiNP coatings, and both low density (Bindzil® CC301) and high density
(Bindzil® CC302) GPS modified SiNPs (Low-GPS-SiNP and High-GPS-SiNP) coatings. All
SCFS measurements were undertaken in liquid as a function of NaCl concentration. The
interactions between the single living fungal spore and various silica-based coatings were
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investigated by analysing force curves, providing further insight into mechanisms by which the
GPS-SiNPs were able to prevent the complex adhesion processes of living microbial organisms.
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4.2 Methods
4.2.1 Materials
Three commercially available aqueous SiNP dispersions were used in this study. Bindzil®
30/360 (30 wt%), Bindzil® CC301 (30 wt%) and Bindzil® CC302 (30 wt%) colloidal SiNP
dispersions were all sourced from AkzoNobel, Amsterdam, Netherlands. Quaternary
ammonium silane (QAS) functionalized SiNPs were prepared using protocol reported by
Knowles et al [539]. Sodium Chloride (Sigma, ≥ 99.5%), Sodium Hydroxide (Sigma, ≥ 98%),
and Hydrochloric Acid solution (Ajax FineChem, 32%) were used to make aqueous solutions
for the AFM experiments. Water used in experiments and to prepare aqueous solutions was
purified using a Millipore water purification system, with a minimum resistivity of 18.2 MΩ
cm at 25 °C. Polyethyleneimine (PEI, 50% (w/v) in H2O) used for making the coatings was
purchased from Sigma Aldrich.

4.2.2 Preparation of Nanoparticle Coatings
SiNP coatings were deposited onto glass coverslips (diameter of 18 mm) using spin coating.
Prior to spin coating, the glass coverslips were cleaned with ethanol, followed by rinsing with
deionized water and drying under nitrogen gas. The cleaned coverslips were then placed into a
Bioforce Nanosciences UV/Ozone Procleaner for 20 minutes. Thereafter, the coverslips were
rinsed with deionized water, and incubated in a 0.33 wt% (PEI) solution for 5 min, then rinsed
thoroughly with deionized water, and dried in nitrogen gas. The SiNP coatings were spincoated twice onto the PEI treated coverslips by depositing 100 µL of a 6 wt% aqueous
dispersion of the relevant Bindzil® SiNPs at 7000 rpm for 30 seconds. The samples were then
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incubated in an oven for 1 hour at 120 °C, followed by thorough rinsing with deionized water,
and drying under a stream of nitrogen gas.

4.2.3 Fungal Spore Culture
E. nigrum (purchased from the ATCC, 42773) spores were collected from colonies pre-cultured
on an agar plate (Potato dextrose agar, BD 213400). By gently scratching the fungal colonies
using a spatula, fungal spores were collected and then dispersed in 25 mL of sterile deionized
water. The spore suspension was shaken vigorously and placed on an orbital shaker overnight.
Thereafter, 300 µL of the spore suspension was deposited onto an agar plate at three different
locations, which was kept in a 37 °C incubator for 4 days until hyphal growth was visible. By
gently scratching the spores within the fungal colonies using a spatula, a small number of
spores were picked up and then transferred onto a glass slide for the preparation of the fungal
spore probe. Fungal spores were examined using an optical microscope (UCMOS14000KPA,
Zhejiang, P.R.China). Images were taken at 20× and 40× magnifications. Spore size was
measured in three randomly taken images of each fungi group.

4.2.4 Preparation of Single Fungal Spore AFM Probes
Fungal spore AFM probes were fabricated using a micromanipulator (DC-3K Rechts, Wetzlar,
Germany) with optical microscope (UCMOS14000KPA, Zhejiang, P.R.China). For the spore
attachment procedure, a copper wire (120 µm diameter) was fixed on the micromanipulator’s
hand and firstly brought into contact with a minimal amount of two-part epoxy glue (Araldite®
Super Strength, Selleys®, Australia) on a glass slide, followed by gently transferring a small
amount of glue onto the end of a tipless cantilever (BudgetSensor, AIOAl-TL). A new wire
was then used to pick up a single fungal spore via attractive forces and then transferred to the
AFM cantilever. The fungal spore AFM probe was kept under ambient conditions for a
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minimum of 24 hours to enable curing of the glue. To assess the viability of the spores after
the attachment procedure, AFM spore probes were re-cultured by placing the cantilever with
spore facing the agar and then incubated for 3 – 10 days. The spore germination conditions
were examined under optical microscope (UCMOS14000KPA, Zhejiang, P.R.China). Prior to
and after the attachment, the spore size was examined from optical images taken.

4.2.5 Scanning Electron Microscopy (SEM)
Field Emission Scanning Electron Microscopy (FE-SEM) (JOEL JSM-7500FA and JEOL
JSM-7001F) was used for imaging of the fungal spore probe. The probes were glued onto a
SEM specimen holder using silver paint, sputter coated with a 2.5 nm thick platinum layer, and
then imaged using FE-SEM with an accelerating voltage of 5.0 kV and emission current of 10
mA.

4.2.6 Single-Cell Force Spectroscopy (SCFS)
AFM force measurements between the fungal spore probes and SiNP-based coating surfaces
were performed using a MFP-3D AFM (Asylum Research, Santa Barbara, USA). The spring
constant of the tipless cantilevers (BudgetSensor, AIOAl-TL) were calibrated in ambient
conditions using the thermal method [464] prior to attachment of the fungal spore. Prior to the
measurements, the four silica-based surfaces were rinsed with deionized water and dried in a
stream of N2. Firstly, 0.5 mL of NaCl solution was added to the surface positioned on the AFM
sample stage. Thereafter, the fungal spore probe was loaded into the cantilever holder, brought
into the liquid and approached to the sample surface using the AFM feedback and left to
equilibrate for 20 - 30 min. The inverse optical lever sensitivity (invOLS) of the probe was
measured by performing a force curve on the surface before proceeding with the experiments.
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During an experiment with the same probe, force curves were firstly collected in 1 mM NaCl
on a glass coverslip, followed by exchanging with the Bindzil® 30/360 surface, Bindzil®
CC301, Bindzil® CC302, and then finally back to the glass coverslip. On each sample, force
measurements were performed with a trigger force of 5 nN, scan rate of 1 Hz, and maximum
force distance of 200 nm. A minimum of five force curves were taken at 5 - 10 different XY
positions on each sample surface. Using the same spore probe, this sequence of measurements
was repeated for the 100 mM NaCl, followed by 1 M NaCl concentration. This sequence of
measurements was repeated with a total of 10 fungal spore probes for each type of sample
surface. Analysis of the force curves was performed using the Asylum Research software (in
Igor Pro, Wavemetrics). Force curves were plotted as force versus separation, where the zero
separation distance is defined as the position of tip – sample surface contact, namely a constant
compliance is reached. Various parameters from the force curves were analysed, including the
repulsive and attractive force and length (upon approach to the surface), the maximum adhesion
force, the distance of the adhesive interaction, and the probability of observing adhesion (See
Appendix, Figure A. 3).
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4.3 Results
Fungal spore size, shape, surface morphology, composition and viability can vary based on the
culture and storage environment such as pH, nutrition, oxygen content and moisture [540].
Based on our culture conditions, the E. nigrum fungal spores showed a relatively spherical
morphology with varying diameter of ~10 µm, as observed by optical microscope (Figure 4.
1a). The successful attachment of a spore onto the AFM cantilever is shown in optical (Figure
4. 1b) and SEM images (Figure 4. 1c). The probe fabrication method enabled accurate
positioning of the fungal spore at the end of the cantilever (Figure 4. 1c). Furthermore, the
epoxy glue could be observed around the base of the spore, ensuring only the outer spore
surface contacted with the sample surface (Figure 4. 1c and d). Higher resolution SEM images
revealed that the spore surface was significantly rough with a jagged, crust-like cell wall [541]
and rodlet layer(s) [542] (Figure 4. 1d and e).
The viability of the attached spore was tested by ‘re-culturing’ the fungal spore probe
onto potato dextrose agar to observe germination and hyphal growth. Among 4 spore probes
tested, 2 successfully germinated within 3 days, producing significant outgrowth and branching
of hyphae (Figure 4. 1f, g, h). Bacteria contaminated one other spore probe, while the remaining
probe did not show germination within 10 days. The epoxy glue used to fix the cells is
biocompatible and non-toxic with negligible impact to the AFM measurement and cell viability
and germination, as confirmed by other studies using fungal spore, bacterial spore and yeast
cells immobilized on AFM cantilevers [533-535, 537, 543, 544]. Furthermore, given that
fungal spores can survive and maintain their germination ability after residing in harsh
environments, e.g. extreme temperature, oxidation, the existence of inhibitors, and lack of
moisture and nutrition [76-78], it is not surprising that successful germination was observed
from AFM spore probes in this study. The germination ability of the spore is affected by several
161

factors, including spore physiological state which is related to the age of the fungal spore,
favourable/unfavourable sporulation/post-sporulation conditions, and the intracellular water
activity which is dependent on the nature of the spore [76].
In this work, 10 spores were measured on each of the sample surfaces and across the
three different NaCl concentrations. With the exception of one spore (which showed no
adhesion on any of the surfaces under all the tested conditions), all of the spore probes showed
reproducible force curves for each of the respective surfaces. Previous works by Dufrêne et al.
showed that the interaction between Phanerochaete chrysosporium spores and a Si3N4 tip in
water was dependent on the spore germination state [77, 78]. For germinating spores, a
repulsive force upon approach together with adhesion was observed, while no significant
interaction or adhesion was observed for spores in a dormant state [77, 78]. When considering
the physiological state of fungal spores, a majority of E. nigrum spores showed adhesion (9 out
of 10 spores) suggesting that they were in a germinating state, based on the aforementioned
works.
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Figure 4. 1. Optical images of Epicoccum nigrum spores on (a) a glass coverslip and (b) a fungal spore probe.
SEM images of (c) the same fungal spore probe and (d,e) the fungal spore surface. (f,g,h) Optical images of
fungal spore and hyphae during the germination of fungal spore probe.

For a glass coverslip, an attractive force was observed during the approach (red curve)
under all salt concentrations (Figure 4. 2a-c). Subsequent retraction of the spore from the
surface (blue curve) showed adhesion, which was larger in comparison to the initial attractive
forces, i.e. hysteresis occurred between the approach and retract curves (Figure 4. 2a-c).
Moreover, both the approach and retract curves generally consisted of force transitions, e.g.
plateaus and small ruptures, indicating the involvement of interactions with cell surface
biomolecules which is discussed further below. In addition, the glass coverslip (Figure 4. 2ac) showed the greatest adhesion (20 - 80 nN), with the longest extension (40 - 70 nm), compared
to the Unmodified SiNP (Figure 4. 2d-f) and the two GPS-SiNPs (Figure 4. 2g-l) surfaces.
Furthermore, the magnitude of spore adhesion on the glass coverslip increased as a function of
salt concentration.
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In comparison to the glass coverslip, the approach curves on Unmodified SiNP surfaces
showed either attraction or repulsion upon approach at low (1 mM) NaCl concentration (Figure
4. 2d; note only a curve with attraction is shown), which shifted to predominately attraction at
higher salt concentration of 100 mM (Figure 4. 2e) and 1 M NaCl (Figure 4. 2f). Similar to the
glass coverslip, the force curves contained various profiles indicative of interactions with cell
surface biomolecules, e.g. multiple ruptures and plateaus [545, 546]. However, the magnitude
of spore adhesion to the Unmodified SiNP surface was smaller (< 5 nN), shorter in length (<
20 nm) and did not appear to show a clear dependency on the NaCl concentration.
In contrast, the two GPS-SiNPs coatings exhibited similar force profiles to each other
but were clearly different to the glass and Unmodified SiNP surfaces. At low (1 mM) NaCl
concentration, both GPS-SiNPs surfaces showed long-range repulsion extending for 15 - 20
nm upon approach to the surface. During retraction, the adhesion forces were negligible, or
very weak, as the entire interaction remained in the repulsive regime (Figure 4. 2g and j). In
100 mM and 1M NaCl, the repulsive force vanished and only weak adhesion forces of < 1 nN
remained. The adhesion consisted of interactions involving peaks or rupture extending up to
20 - 25 nm (Figure 4. 2h and i, and Figure 4. 2k and l) that are reminiscent of interactions of
biomolecules at the surface of living microbial organisms [545, 546]. In addition, short-range
repulsion close to the surfaces (< 2 nm) was observed, as denoted in Figure 4. 2i and l, which
presumably correlated to the very low magnitude of spore adhesion to these surfaces.
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Figure 4. 2. Representative retraction force curves (red - approach curve, blue - retract curve) with adhesion
profile of four sample surfaces: (a-c) glass coverslip, (d-f) unmodified SiNP, (g-i) low and (j-l) high density
GPS modified SiNP coating surfaces under three experimental conditions (1 mM, 100 mM and 1 M NaCl).

Statistical analysis of the percentage of repulsion event occurring and repulsion length
upon approach are presented in Figure 4. 3. As shown in Figure 4. 3a, regardless of NaCl
concentration, High-GPS-SiNP coatings gave the highest percentage of repulsion (50% - 88%),
followed by Low-GPS-SiNP (30% - 82%), then Unmodified SiNP (3% - 43%) and glass
coverslip (< 11%). Specifically, for the glass surface, only 10.7% (25/233) of force profiles
showed repulsion in 1 mM NaCl, which decreased to 0% in 100 mM (0/196) and 1 M (0/155).
In comparison, 42.7% (162/379) occurrence of repulsion was observed on Unmodified SiNP
surface in 1 mM NaCl, which again considerably reduced to 13.1% (36/274) and 2.7% (7/260)
at the two higher salt concentrations. The two GPS-SiNPs coatings showed > 80% occurrence
of repulsion at 1 mM (288/352 and 295/339 for Low- and High-GPS-SiNPs, respectively),
however there was no clear effect of increasing salt concentration. At the higher 100 mM and
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1 M NaCl concentrations, High-GPS-SiNP showed a greater propensity for repulsive
interactions compared to Low-GPS-SiNP.
The average repulsion length was compared among the three SiNP-based coatings as a
function of NaCl concentration (Figure 4. 3b). Evidently for all three SiNPs surfaces, the
repulsion extended to a much longer distance (16 - 18 nm) at 1 mM NaCl, and significantly
reduced to 3 - 8 nm at higher NaCl concentrations (one-way ANOVA, p < 0.05).

Figure 4. 3. Comparison of the repulsion measured on the four sample surfaces expressed as (a) a percentage of
repulsion occurrences upon fungal spore probe approach and (b) the average repulsion length as a function of
NaCl concentration. Error bars represent standard error of the mean.

As shown in Figure 4. 4a, at all NaCl concentrations, the percentage of adhesion event
occurring upon retract on the glass coverslip and Unmodified SiNP ranged from 96 - 100% and
83 - 97%, respectively, indicated a high prevalence of fungal spore adhesion on these surfaces.
The two GPS-SiNPs coatings showed reduced percentage of adhesion, specifically ranging
from 40 – 48% for the Low-GPS-SiNP coatings and 14 – 27% for High-GPS-SiNP coatings.
In addition, there was no clear relationship between the percentage of adhesion and NaCl
concentration across all surfaces.
Figure 4. 4b confirmed that at all NaCl concentrations the average adhesion force was
greatest for the glass surface (25 – 78 nN), followed by the Unmodified SiNPs (3 – 5 nN). The
166

two GPS-SiNPs surfaces (0.5 – 0.9 nN) that effectively showed little or negligible adhesion in
comparison. An increase in NaCl concentration caused a significant increase in the magnitude
of adhesion on glass coverslip surface (one-way ANOVA, p < 0.05), and a slight increase on
Unmodified SiNP (Figure 4. 4b). For the two GPS-SiNPs surfaces, there appeared to be no
significant effect of salt concentration due to the little or negligible adhesion (0.5 – 0.9 nN)
(Figure 4. 4b). Accordingly, the longest detachment length of 54 – 78 nm was observed on the
glass coverslip, followed by Unmodified SiNP with value of 14 – 28 nm (Figure 4. 4c). The
two GPS-SiNPs showed shorter detachment lengths (< 14 nm).
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Figure 4. 4. Comparison of (a) adhesion event probability and (b) average adhesion force, and (c) average
adhesion length as a function of NaCl concentration. Error bars represent standard error of the mean.

Figure 4. 5 shows the relationship between the attractive-repulsive forces upon
approach and the magnitude of the spore adhesion, as a function of salt concentration. For both
the glass coverslip (Figure 4. 5a) and Unmodified SiNP (Figure 4. 5b), a linear relationship (R >
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0.8) was observed between the attractive force and spore adhesion, namely indicating that
increasing attractive forces upon approach gave rise to stronger forces required to detach the
fungal spore. One exception to this trend was that for the Unmodified SiNP coating measured
at 1 mM NaCl. For this sample, there was an additional distribution of repulsive forces, as well
as deviation from the fitted curve (black solid line) where some of the measurements gave
equivalent attractive forces but significantly less adhesion of < 5 nN. In contrast, a linear trend
was not clearly observed for the GPS-SiNPs surfaces, with each surface showing a clustered
distribution within both the attractive or repulsive regimes, i.e. above or below the dashed line
(Figure 4. 5c and d), thus indicating the forces experienced by the spore upon approach did not
significantly govern their strength of adhesion to the surface.

Figure 4. 5. Scatter plot figures depicting the relationship between the forces measured upon approach and
retract of the four surfaces: (a) glass, (b) Unmodified SiNP, (c) low and (d) high density GPS modified coating
surfaces. Red dots indicated by a-k on the figures represent the force curves shown in Figure. 2.
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4.4 Discussion
In general, fungal spore cell walls are covered by various biomolecules with different
composition and content, which vary among the different spore species, culture and storage
conditions [77-84] [85] [86]. These include carbohydrates of which polysaccharides are the
most common, and different proteins such as the most abundant hydrophobin, and fatty acid
lipids [77-84]. Due to the presence of carboxyl, amino and phosphate groups in different ratios,
the fungal spore surface can exhibit different surface charge under aqueous solutions [85]. The
interactions between fungal spore surfaces and substrates can consist of electrostatic
interactions and other non-specific forces (i.e., van der Waals, hydrophobic, hydrogen bonding,
and macromolecular forces), as well as specific molecular interactions (i.e., the interaction
between receptors and ligands) [86].
In previous work, the force measured between a Si3N4 tip and the Unmodified SiNP
and High-GPS-SiNP coatings in liquid, as well as the zeta potential of nanoparticles in solution
shown in chapter 2, indicated that SiNP-based surfaces were negatively charged under all tested
conditions (1 mM, 100 mM and 1 M NaCl at pH = 5.6). Therefore, in those cases where the
fungal spore repulsion depended on the NaCl concentration, as shown in Figure 4.3, it is
suggested that the measured long-range repulsion is most likely due to the electrical double
layer (EDL) interaction with a negatively charged surface of the E. nigrum spore. This was
supported by the observation of opposite long-range (15 - 18 nm) attractive forces when the
same spore probe measurements were undertaken on positively charged quaternary ammonium
silane (QAS) functionalized SiNP coatings. Additionally, these attractive forces could be
screened with the addition of NaCl (See Appendix, Figure A. 4). Similarly, Chung et al.
showed that the interaction between Bacillus thuringiensis (Bt) spores and mica planar surfaces
as a function of pH and ionic strength can be estimated using DLVO-based calculations by
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taking into account the electrostatic and van der Waals forces [544]. Specifically, with the
increase of ionic strength, the repulsive force profile measured between Bt spore and mica
showed a decay, which was suggested to relate to the screening of the EDL [544]. Moreover,
the interactions measured between bacterial cells, such as Pseudomonas sp. and Desulfovibrio
desulfuricans, as well as between cells and metal surfaces have also exhibited strong
electrostatic repulsion [547]. Hence, somewhat unexpected was that instead of long-range
repulsion, the majority of force curves exhibited attractive forces on the glass coverslip and
likewise to a reasonable extent on the Unmodified SiNP, despite expecting both surfaces to
carry a net negative charge. This finding suggested that the attractive interactions upon
approaching the glass coverslip and Unmodified SiNP operate over a similar effective lengthscale and can predominate over the EDL force. The observation of ruptures upon approach in
Figures 4. 2a-f suggested that these attractive forces are likely due to interactions via cell
surface biomolecules and/or cell wall ‘protrusions’ extending from the fungal spore surface
and possibly also introduced by the surface roughness, as emphasized in Figure 4. 1d and
Figure 4. 1e. Similar long-range attraction was observed between Candida parapsilosis
functionalised AFM probe and Pseudomonas aeruginosa biofilm [548]. Upon approach, a
long-range repulsion was observed at a distance of ~ 250 nm, indicating the presence of EDL
and steric repulsion arisen from the polymer brushes on the microbe surface. Then at a distance
of ~ 170 nm, an attraction predominated the interaction upon approach, suggesting that the
initial energy barrier had been overcome and that adhesion had become favourable [548].
The significantly larger adhesion forces measured on both glass and Unmodified SiNP
surfaces relative to the attractive forces upon approach indicated that upon contact there was
further establishment of stronger adhesion via biomolecular interactions with the surface.
Similar biomolecular interactions were reported by Bowen et al., where a series of bond
breakages were observed between a Bacillus mycoides spore and a hydrophilic glass surface
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upon the detachment of spore from surface [531]. It was proposed that the ruptures were due
to the stretching of the exosporium and adhesive molecules [531]. Likewise, the presence of
ruptures and plateaus during retraction of the spore (Figure 4. 2a-f) further confirmed the
involvement of the cell surface biomolecules in forces required to detach the spore from the
surface. Interestingly, the linear relationship between the attraction force upon approach and
magnitude of adhesion during spore detachment on the glass coverslip and Unmodified SiNP
(Figure 4. 5a-b), suggested that the force required to detach the spore was related to the ability
of the cell surface biomolecules to interact and adhere at a distance from the surface.
The effect of NaCl concentration on fungal spore interaction with the tested surfaces
was only evident for the glass surface from low to medium salt concentration (Figure 4. 4b).
The adhesion force was significantly increased with NaCl concentration increased from 1 mM
to 100 mM (one-way ANOVA, p < 0.05). This effect was thought to be the result of reduced
electrostatic repulsion due to screening of EDL. Several other studies have observed the
correlation between electrostatic repulsion and force required to detach microbes from surfaces
[534] [549]. For example, the interactions of negatively charged Aspergillus niger spores have
been studied on mica in liquid as a function of pH and NaCl concentration. The results showed
a decreased adhesion with an increased pH, suggesting the electrostatic repulsion compensates
the other attractive forces, which therefore affects the adhesion force [534]. Husmark and coworkers measured the adhesion of Bacillus cereus spores on both hydrophobic and hydrophilic
surfaces at different pH and ionic concentrations [549]. They found that the maximum adhesion
occurred close to the IEP of the B. cereus spore (at pH 3) which might relate to the absence of
electrostatic repulsion, further confirming that electrostatic force upon approach can affect
adhesion between microbes and surfaces [549].
Although the Unmodified SiNP showed qualitatively similar interactions with the
fungal spore compared to the glass coverslip, overall it gave a lower percentage of adhesion
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events, as well as significantly reduced adhesion forces. We suggest that this could be due to
the differences in surface energy and roughness for the Unmodified SiNP and glass surfaces.
Specifically, in Chapter 2, contact angle measurements of the tested surfaces showed that the
glass coverslip had a water contact angle of ~ 40° compared to ~ 9° for the Unmodified SiNP
surface.

This

higher

water

contact

angle

(increased

hydrophobicity)

is

more

thermodynamically favourable for the hydrophobic spore to adhere to the glass surface.
Furthermore, AFM images showed that the Unmodified SiNP surface has a nanoscale
roughness in comparison to glass coverslip. It has previously been found that the adhesion
between Aspergillus oryzae spore and glass surfaces significantly decreased after plasma
treatment of glass surface, owing to an increase in surface hydrophilicity [537]. Although
similar contact angles were measured, the subsequent deposition of SiNPs on the glass surface
effectively prevented the spore adhesion, which was explained by the decrease of contact area
by increasing the surface roughness [537]. Based on these previous findings, it could be said
that despite being comprised of essentially the same material as the glass coverslip, the
Unmodified SiNP could minimize the fungal spore adhesion with its increased hydrophilicity
and nano-roughness through either less thermodynamically favourable interactions with
hydrophobic spores and/or reducing the contact area with the fungal spore.
In contrast, the GPS-SiNPs surfaces exhibited different force curve profiles with
repulsion upon approach presented across all the conditions and significantly fewer percentage
of adhesion events occurring with smaller adhesion forces (Figure 4. 2g-2l and Figure 4. 4).
More specifically, at low 1mM NaCl, a long-range repulsion existed due to the EDL, as
mentioned above (Figure 4. 2g and 2i, Figure 4. 3). Despite the expectation that increasing the
salt concentration would diminish the EDL repulsion, a short-range repulsion continued to
persist under all salt conditions, although the zero separation point is difficult to define due to
the potential compression of the cell surface [531]. The percentage of adhesion events was
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noticeably reduced on the High-GPS-SiNP surface (Figure 4. 4a and b) across all salt
conditions, compared to the other tested surfaces. Hence, without any long-range or short-range
attraction via the cell surface biomolecules, the two GPS-SiNPs surfaces inevitably show no
relationship between the attraction upon approach and the spore detachment, as in the case of
the glass coverslip and Unmodified SiNP. Accordingly, the GPS-SiNPs coatings are very
effective at preventing spore adhesion. Any adhesion that was observed consisted of
occasionally long-range ruptures (> 20 nm) with adhesion forces of < 100 pN, indicating the
interactions involving the binding and extension of a significantly fewer number of cell surface
biomolecules, which occurred less frequently on the High-GPS-SiNP compared to the LowGPS-SiNP.
The previous AFM static force measurements in Chapter 2 showed the existence of a
short-range repulsion on the High-GPS-SiNP surface that is stronger and more persistent than
on the Unmodified SiNP under all NaCl concentrations. 3D-SFM combined with MD
simulations revealed the short-range repulsive forces of High-GPS-SiNP at a molecular level.
The short-range repulsive forces arise from hydration forces, including those from more
strongly bound interfacial water and also dynamically associated water, in addition to steric
interactions from the GPS chain mobility. In contrast, the short-range forces for the Unmodified
SiNP correspond to hydration forces from 1 - 2 discrete, structured water layers, where LowGPS-SiNP showed an interfacial layer with intermediate structures between those of the
Unmodified and High-GPS-SiNP. Here, the SCFS experiments provide further insight into the
role of these hydration-steric interactions in the context of a fungal spore interacting with these
surfaces. It was proposed that the GPS/hydration layer prevents the long-range attractive forces
of the cell surface biomolecules, enabling the EDL repulsion to predominate and inhibit initial
spore attachment to the surface. High-GPS-SiNP coatings showed a better performance in
prohibiting the attractive interactions upon the approach of fungal spore, and reducing the
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occurrence of adhesion upon contact, in comparison to Low-GPS-SiNP coatings, which might
due to their varied GPS/hydration layers. Under high salt conditions, even with screening of
the EDL, the hydration-steric ‘action’ of the GPS persists to prevent the short-range adhesive
interactions, including again those with the cell surface biomolecules. In contrast, while the
Unmodified SiNP surface could reduce the spore adhesion (compared to the glass surface) via
the effects of nanoscale roughness and increased hydrophilicity, the interactions of the cell
surface biomolecules were able to perturb its structured water layers, overcoming the hydration
force and enabling spore adhesion to the surface. This leads to the long-range attractive force
dominating over the EDL repulsion and thus facilitating the initial spore adhesion.
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4.5 Conclusion
In this chapter, the interactions between a known biofouling fungal species, Epicoccum nigrum
and four silica-based surfaces, namely: glass, Unmodified SiNP coating, Low- and High-GPSSiNPs coatings under aqueous conditions, were investigated using single cell force
spectroscopy (SCFS). A main finding is that the GPS-SiNPs surfaces can prevent fungal spore
adhesion through both long-range EDL repulsion, as well as short-range hydration/steric
repulsion. Furthermore, the latter short-range hydration/steric effect upon spore contact is
stable at all salt concentrations, and hence shows remarkable ability of the GPS/hydration layer
to prevent spore adhesion given the known sophisticated surface structures and diversity of
biomolecules of these microbial organisms. The presence of GPS functionalisation and its
associated hydration layer decreased spore adhesion strength from 3 - 5 nN on Unmodified
SiNP coatings to effectively negligible adhesion (0.5 – 0.9 nN) on the GPS-SiNPs surfaces.
Moreover, with higher density GPS presenting on the SiNP which alters the GPS/hydration
layer, the High-GPS-SiNP coatings effectively prohibited the attraction arisen upon approach
of fungal spore and reduced the occurrence of adhesion event upon spore detachment. These
findings are in good agreement with observations from fungal spore assays, where minimal
numbers of spores were able to colonise GPS-SiNP surfaces (0.51% and 0.11% spore coverage
for Low- and High-GPS-SiNP, respectively) in comparison to Unmodified SiNP surface (1.6%
spore coverage) [449]. This study reveals the fungal spore interactions on surfaces at the
molecular level upon approach to and during the detachment process by using a single cell
method to quantify the antifouling performance of coatings against biofoulants, i.e. fungal
spore, and give insights into future coating design.
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Chapter 5: Conclusion and
Recommendation
Surface coatings made from commercially available silica nanoparticle systems, Bindzil®
CC301 and CC302 (Low- and High-GPS-SiNP) have been recently discovered to have
excellent antifouling properties. To understand the mechanisms underlying these antifouling
properties, this thesis aimed to characterize the interfacial properties of the SiNPs within the
coatings, with a special focus on elucidating the role of short-range forces, including hydration
and steric forces, using Atomic Force Microscopy based techniques such as conventional force
measurements, 3D-Scanning Force Microscopy and Single Cell Force Microscopy. The
motivation for the thesis was to provide further insights into the SiNPs and their GPS
functionalities to assist in future design of antifouling coatings.
In Chapter 2, Static AFM force measurements were undertaken to compare the
nanoscale surface forces of Unmodified versus High-GPS-SiNPs coatings in liquid. Shortrange (< 2 nm) repulsion, which deviated from DLVO, was observed on both surfaces.
Although it was difficult to discern the type of non-DLVO interactions, the presence of
hydration/steric forces was proposed as they are commonly observed on silica surfaces. Despite
this, it was found that the High-GPS-SiNP coating gave more persistent and stronger repulsion
at all salt concentrations, suggesting a difference in their interfacial properties relating to the
hydration/steric components.
To elucidate the origin of the short-range repulsion forces, Chapter 3 used 3D-SFM in
combination with MD simulations to resolve the interfacial molecular structures on single
Unmodified and GPS-SiNPs within coatings. 3D-SFM revealed the interfacial structures of
Unmodified SiNP, which consist of 1 - 2 structured water layers that exhibited an oscillatory
177

force profile, strongly suggesting its short-range repulsion originates from hydration. In
contrast, the GPS-SiNPs show a continuous interfacial layer without specific structures (e.g.
interposing darker regions observed on Unmodified SiNP), which exhibited a monotonic
repulsion force profile. Based on findings from both experimental work and modelling
simulations, it was proposed that the GPS/hydration layer presented at the particle surface is
responsible for the antifouling properties of GPS-SiNP coatings. These properties were thought
to arise through a combination of steric exclusion of highly mobile GPS chains in combination
with dynamics of associated water, thus explaining the antifouling performance of ultrathin,
hydrophilic surface chemistries.
In Chapter 4, the interactions between Epicoccum nigrum spores and glass,
Unmodified SiNP, Low- and High-GPS-SiNPs were investigated under aqueous conditions
(with varied NaCl concentration) using Single Cell Force Spectroscopy. Both glass and
Unmodified SiNP surfaces showed predominately attraction upon approach, with a higher
probability of observing adhesion events, and significantly greater strength of spore adhesion
to the surfaces. In contrast, GPS-SiNPs surfaces exhibited repulsion upon approach and
prevented spore adhesion due to the ability of the GPS/hydration layer to ‘withstand’
interactions from the cell surface biomolecules.
In summary, the fundamental mechanisms of an antifouling coating based on short
chain hydrophilic silane functionalised SiNPs were investigated at the molecular level,
providing insights and guidance to the future development of coatings for various applications,
including a specific focus on preventing terrestrial fouling of buildings and outdoors surface
due to fungal colonization and infestation. From an industry perspective, the SiNPs synthesis
can be easily scaled up and applied by different fabrication techniques, including spin coating
and spray coating, reel-to-reel coating, roll coating and 3D printing, making the use of
hydrophilic SiNPs a promising strategy to address the challenges of biofouling. With SiNPs as
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the basis for future development of coatings, a range of different silane chemistries can be
explored, in particular with studies on GPS analogues aimed at gaining a fundamental
understanding of the characteristics of GPS that makes it an effective antifouling chemistry. In
particular, the chemical composition, the conformation and configuration of single ligands, as
well as the packing density of silanes could be further investigated. Future studies could also
investigate the application of SiNP based antifouling coatings in different fields, such as
medical device and marine infrastructures, by incorporating the design of coating formulations
in order to adapt to different environment.
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Appendix

Table A. 1. Technical Information for Silica Nanoparticle dispersions (as supplied from the manufacturer)

Literature

Our study

Z-averaged size
Z-averaged
GPS grafting GPS grafting
measured in
size
density
Z-potential density
originally
measured in measured in measured by measured by
Dried
TGA
1 mM NaCl TGA
Particle manufactured water 1 mM NaCl
Commercial
Abbreviate
(nm)
(µmol/m2) (groups/nm2)
(mV)
Size (nm) dispersions (nm)
Name
Names
Bindzil® 30/360 unmodified SiNP
7
/
28.09±0.04 -28.09±0.49
/
/
Bindzil® CC301 Low-GPS-SiNP
7
27.02
1.33
0.8
Bindzil® CC302 High-GPS-SiNP
7
19.03
20.06±0.07 -8.81±0.57
2.53
1.52

180

Figure A. 1. (a). Average 1D density profiles vs Z distance curves for interfacial water and (b) associated ligand
snapshots of GPS (grey), C3OC3OH (orange), C7OH (cyan) and C8 (purple).
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Figure A. 2. The averaged maximum force and force at transition point versus repulsion length of High-GPSSiNP (Bindzil® CC302) as a function of NaCl concentration.
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Figure A. 3. Examples of force curves and the data analysis of interactions between E. nigrum fungal spores and
surfaces. Force curves shown as (a) attraction with adhesion; (b) repulsion without adhesion,
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Figure A. 4.Representative interaction force curves obtained between E. nigrum fungal spores and QAS
functionalized SiNP coating in 1 mM NaCl, where long-range (15~18 nm) attractive forces observed.
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